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“The first principle is that you must not fool yourself and you are the easiest person to fool.”
Richard P. Feynman
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Abstract
Doctor of Philosophy
Linear and non linear properties of two dimensional exciton-polaritons
by Mandeep Khatoniar

Technology has been accelerating at breakneck speed since the first quantum revolution,
an era that ushered transistors and lasers in the late 1940s and early 1960s. Both of these
technologies relied on a matured understanding of quantum theories and since their inception has propelled innovation and development in various sectors like communications, metrology, and sensing. Optical technologies were thought to be the game changers
in terms of logic and computing operations, with the elevator pitch being "computing at
speed of light", a fundamental speed limit imposed by this universe’s legal system (a.k.a
physics). However, it was soon realized that that all-optical logic was not as frugal as their
electronic counterparts when it came to power consumption, efficiency, and compactness,
and was hence confined to mostly academic explorations. However, after the advent of
commercial optical fiber networks and optical amplifiers, light or electromagnetic waves
have been the preferred means of communication. But with the rapid advancement of
laser technology the world is now moving towards the second quantum revolution which,
quoting Ray Simmonds from NIST is“The second quantum revolution is where you’re really using quantum mechanics to do everything for you, such as entangling individual
qubits to transmit information. You’re engineering the quantum mechanics itself to do
something, not, ‘Oh, I have a widget that has these special properties because of quantum
mechanics’.”.
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This thesis is a humble step towards the realization of that goal. The protagonists in this
thesis are exciton-polaritons formed in two-dimensional semiconductors called Transition
Metal Dichalcogenides (TMDC). TMDC has been in the limelight since the last decade because of their exceptional optical and optoelectronic properties- which are virtuous enough
to warrant their own "tronics" dubbed "Valleytronics" and lucrative enough for scientific
publishing houses to confer TMDCs its own franchise. We begin by introducing microcavity exciton-polariton as a powerful means to control the valley coherence, an intrinsic property of TMDC excitons, without the requirements of very high magnetic fields or
strong electric fields. We explore the usage of pseudomagnetic fields inside microcavities
to rotate the plane of polarization of the emitted linearly polarized photoluminescence of
these TMDC materials. But polaritons created by classical sources like a laser are usually
incoherent due to the very stochastic/quantum nature of spontaneous emission.
To explore the valley coherence as a platform that would one day potentially be technologically relevant, one can take one of the two ways: make a coherent system of polaritons
or operate the system at a single valley (qubit). Which brings us to the second topic we
tackle in this thesis: pre-requisites towards achieving creation of spontaneous coherence
in TMDC exciton-polaritons via Bose Einstein condensation. We study the thermalization
properties of exciton-polaritons when the lowest energy of the polariton state is resonant
with the Trion state.

We then graduate into exploring non-linear properties facilitated in TMDC polaritons
systems. We begin by demonstrating relaxation of symmetry requirements for second order non-linear response for centrosymmetric bulk TMDC exciton-polaritons. This modification of physical property of the material has been granted due to the asymmetric electric
fields formed in these self hybridized exciton-polariton systems that effectively decouples
the individual layers to generate intense second harmonic generation. We then achieve
strong polariton-polariton interactions in interlayer excitons in bilayer MoS2 , thus making
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our way into truly quantum technologies. With a potential to realize strongly correlated
photons we report a 10 fold enhancement in the polariton interaction strength as compared
to the the exciton-polariton formed by its intralayer counterpart.The spectroscopic investigations using exciton-polaritons in 2D TMDCs reported in this thesis present a first step
towards using TMDCs for polaritonic circuits and quantum nonlinear photonic applications.

viii

Acknowledgements
All my life I have had the good fortune of having many great friends, mentors and (a)
family who helped me reach my dreams and goals. My PhD journey is no different. I have
met some wonderful people, to whom words don’t do justice to the amount of gratitude I
feel and want to convey. But, I am going to make an attempt at it anyways. First I would
like to thank my advisor Prof. Vinod Menon. In addition to being an amazing advisor who
would constantly urge his students to innovate, he is a constant guide to life outside the
bounds of his academic obligations. His personal work ethics and view towards science
has been a cornerstone towards maintaining the self-motivated propulsion of research in
the group.

Next comes the circle of amazing friends within and outside my PhD cohort who have
been a constant source of support through thick and thin. But before I go on a naming
spree I would like to give special thanks to the families of Narinesingh, Su, and Amiko for
treating me like family and bringing me a part of home so far away from home. Now, a
shout out to my horde of friends: I would like to thank Xing, Mayu, Sahana and Camila
for tolerating me for all these years and for always being real with me, my four brothers
from another set of parents- Mirko, Francesco, Veeshan and Ian for all the laughs and good
times and the company during struggle through out my PhD. Shout out to Jorge, Rocio,
Javier, Amel, Aric for all the karaoke, picnics, Frisbee, Catan, Hex and Co. and football
(soccer- sighs). Thank you Su Li for the good and the better. Dishiti, Neeraj, Sarath, Jithin,
Juna, Caroline, Winsa, Jeril for being my pillars of support since our undergraduate days.
Thank you Sruti, Lilly and Ranchal for the company, delicious free food and discussions.
Thank you Abhisekh and Sudheesh for all the Call of Duty, physics and philosophy over
dinner.

Next shout out to my colleagues and friends from LaNMP. I thank Prof. Biswanath Chakraborty,

ix
Dr. Jie Gu, Dr. Nick Proscia, Dr.Sriram Guddala, Dr. Zav Shotan, Dr. Rahul Deshmukh for
their valuable support and mentoring, and making me feel at home in the lab. I would like
to thank Rezlind for tolerating my crazy ideas and keeping my feet on the ground. I thank
Prathamesh, Dr. Sitakant Sathpathy, Dr. Biswajit Datta, Dr. Florian Dirnberger, Dr. Bin
Liu, Gabriel, Dr. Kevin Cognee, Nicholas, Aasish for your constant enthusiastic support
and motivation both inside and outside the lab. I would like to thank my collaborators:
Prof. Shaocong Hou, Prof: Stephen Forrest, Dr. Areg Ghazaryan, Prof. Pouyan Ghaemi,
and Prof Simone De Liberato. I also express my sincerest gratitude to my thesis committee
members: Prof Li Ge, Prof Mathew Sfeir, Prof Grabrille Grosso and Prof, Stephane Kena
Cohen.
Lastly but most importantly I thank my parents and my sister, to whom I attribute all my
achievements to. This thesis is dedicated to the three of you.

x

Contents
Copyright
Approval Page
Abstract
Acknowledgements
Contents
List of Figures

ii
iii
v
viii
x
xiii

1

Outline

1

2

Introduction
2.1 Brief chronological narrative . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Light-Matter Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.1 Linear succeptibility . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.2 Excitons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.3 Quasi particle zoo in Transition Metal Dichalcogenides (TMDC) systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.4 Valley Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.5 Heterojunctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.6 Exciton Non-linearity . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.7 Microcavity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.8 Microcavity Birefringence . . . . . . . . . . . . . . . . . . . . . . . . .
2.2.9 Microcavity exciton-polaritons . . . . . . . . . . . . . . . . . . . . . .
2.3 Properties of polariton fluids . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.1 Polariton spin hall effect . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.2 Polariton Condensation . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.3 Carrier induced non-linearity . . . . . . . . . . . . . . . . . . . . . . .
2.3.4 Polariton-Polariton interaction . . . . . . . . . . . . . . . . . . . . . .
2.3.5 Polariton assited relaxation of symmetry requirements for second order non-linearity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3
3
4
5
6
7
10
12
13
14
16
19
21
22
24
26
27
29

xi
3

4

5

6

Microcavity birefringence assisted polariton Spin Hall Effect
3.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.1.1 Valley coherence of bilayer WS2 . . . . . . . . . . .
3.1.2 Polariton valley coherence and control . . . . . . . .
3.1.3 Theory . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Conclusion and perspective . . . . . . . . . . . . . . . . . .

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

32
35
35
37
40
42

Thermalization of poalritons in two dimensional materials
4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Polariton relaxation dynamics . . . . . . . . . . . . . . .
4.3 Device fabrication and characterization . . . . . . . . .
4.4 Polariton PL as a function of pump powers . . . . . . .
4.5 Polariton thermalization . . . . . . . . . . . . . . . . . .
4.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

44
45
45
47
49
50
52

.
.
.
.
.
.

.
.
.
.
.
.

Relaxation of Symmetry Requirements for Second Harmonic Generation in selfhybridized exciton-polaritons in bulk TMDS
5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2 Fabrication and Characterization . . . . . . . . . . . . . . . . . . . . . . . . .
5.3 Second Harmonic Generation . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.4 Polarization studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.5 Origin of the strong SHG response . . . . . . . . . . . . . . . . . . . . . . . .
5.6 Off resonant excitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.7 Comparison of power dependent intensity of self hybridized polaritons and
ML WS2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.8 SHG from self-hybridized polaritons in bulk MoSe2 on DBR . . . . . . . . .
5.9 Coupled wave theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.10 Measurement methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.11 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Large polariton non-linearities in
interlayer exciton-polaritons in bilayer MoS2
6.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 Schematic and characterization . . . . . . . . . . . . . . . . . . . . . . . . . .
6.3 Calculation of polariton density . . . . . . . . . . . . . . . . . . . . . . . . . .
6.4 Energy shift of the polariton . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.5 Distribution of contribution from phase space filling and exchange interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.6 Insight into the origin of the polariton non-linearity . . . . . . . . . . . . . .
6.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

54
56
58
59
61
63
67
67
69
69
71
71
73
74
75
79
81
83
85
87

A Transfer Matrix

89

B Fourier imaging

93

xii
C Nanofabrication
C.1 PECVD . . . . . . . . . .
C.2 eBeam evaporation . . .
C.3 Atomic layer deposition
C.4 Plasma Asher . . . . . .

.
.
.
.

95
95
95
96
96

D TMDC transfer
D.1 PDMS transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
D.2 PPC transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

97
97
98

Bibliography

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

100

xiii

List of Figures

2.1

2.2

2.3

2.4

Fig 1a shows monolayer TMDC structure. The transition metal atoms appear in black, the chalcogen atoms in yellow. Fig 1b. shows typical band
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exciton binding energy. The inset shows the atomlike energy level scheme
of the exciton states, designated by their principal quantum number n, with
the binding energy of the exciton ground state (n = 1) denoted by EB below
the free-particle (FP) band gap[10]. Fig 2.2b. shows optical refelcflection
measurements showing the different Rydberg states of monolayr WS2 [18].
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Fig 2.3a shows the coherence of bilayer WS2 and monolayer WS2 manifested
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obtained via coupled oscillator fit. The dashed yellow line is the bilayer
WS2 exciton resonance and the red dashed line is the cavity at dispersion.
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the red double-headed arrow showing the initialization of the polariton
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of the plane of polarization φ as a function of azimuthal angle of the wave
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Fig 4.1a shows the schematic of the device. Fig 4.1b shows the white light
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Fig 4.2 shows the PL of the polariton branch as a function of input power.
Fig 4.2a shows the PL intensity as a function of output power when pumped
at 590 nm which is quasi-resonant with the upper polariton. Fig 4.2 b-d
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Fig 4.3a is a cartoon depicting the scattering of polaritons assisted by the
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Fig 5.1a shows the schematic of the WSe2 polariton device. Fig 5.1b shows
the white light spectrum of the polariton system and a coupled oscillator
model fit used to extract the polariton parameters are shown in pink dashed
lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fig 5.2a shows the SHG response of the polariton device with the fundamental resonant with wavelength at kk = 0 . Fig 5.2b compares the relative SHG
intensity as a function of detuning of the fundamental from the wavelength
at kk = 0. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fig 5.3a shows the SHG response as a function of input circular polarization
. The helicity of the SHG is flipped as seen in ML systems. Inset shows
the SHG response as a function of input linear polarization for a fixed analyzer.Fig 5.3b shows the ratio of SHG intensity of a polariton system and
a ML WS2 pumped at the same fundamental wavelength. Error bars represent fitting errors while extracting area under the curve of the SHG signals .
Fig 5.4a. shows 2H stacked bilayer W Se2 with equal second order nonlinear
polarization p and out of phase hence generating no SHG.Fig 5.4b. shows
2H stacked bilayer W Se2 with unequal and opposite p can generate nonzero
SHG. (c) Enhancing the nonlinear polarization in bulk W Se2 by coupling to
a photonic cavity where the fundamental field significantly increase along
with unequal second order polarization from individual layers in the bulk
TMDC Fig 4d. shows normalized SHG power calculated for the structures
in (c) with bulk TMDC height of 140 nm. The ratios of the SHG at the SH
wavelength 425 nm are,0.9 : 0.5 : 0.003 : 0.0002 for the ML, polariton system, Bulk on SiO2 , bilayer, respectively . . . . . . . . . . . . . . . . . . . . .
Fig 5.5a and 5.5b shows the experimental and transfer matrix simulation of
the reflection spectrum of the bulk WSe2 outside the etched box respectively
. Fig 5.5c shows the simulated electric field in the polariton region . . . . . .
Fig 5.6(a,b)) SHG intensities of self-hybridized polaritons (in blue) and ML
WS2 in orange as a function of pump power while pumped at the same
fundamental wavelength. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Fig 5.7a shows WL reflection spectrum of bulk MoSe2 on a DBR with PMMA
as spacer layer. Fig 5.7b shows the SHG from the bulk MoSe2 when the
fundamental is resonant at the energy indicated by the red circle . . . . . . .
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6.1

6.2

6.3

Excitons in MoS2 bilayer and white light absorption. (a) Schematic of the
band structure (around the K point) of the bilayer MoS2 showing (by the
two-sided arrows) the participation of the different bands in the IE formation. The blue and red colors represent the up and down spin, respectively.
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Chapter 1

Outline
Currently, optics and photonics play a key role in communication, medicine and healthcare, industrial-scale fabrication, and many more fields. Its ubiquity along with a seemingly good grasp on its nature and epistemological unanimity would have made a scientist
from the 19th or early 20th century complacent. But the advent of quantum mechanics has
only made us more curious. New photonic technologies are being pursued relentlessly,
aiming not only towards improving existing technologies but also towards realizing new
potentialities and expanding the set of utilities that light has to provide. One such field
is to realize platforms to achieve and implement strongly interacting photons for applications in quantum technologies [1]. Photons are bosons and hence do not interact, but
the interaction between them can be mediated via coupling with materials with non-linear
polarizability [2]. Regular materials do not exhibit nonlinear responses at power levels
associated with single photons. In this context, remarkable advances have been made in
cold atom systems to realize interacting photons at the single-particle level . A strong contending counterpart in solid state systems are hybrid light-matter quasi-particles called
polaritons.
Chapter 2 is dedicated to a brief pedagogical introduction to exciton-polaritons followed
by a concise discussion on polariton-polariton interactions and other non-linearities assisted by polariton formations in two dimensional Transition Metal Dichalcogenides (TMDCs).
We also touch upon manipulation of material properties obtained via the formation of polaritons.
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Chapter 3 describes the manipulation of valley coherence in bilayer WS2 assisted via the
pseudo magnetic field in microcavity polaritons. We begin by stating the motivation for
this work followed by the experimental realization of the rotation of the plane of polarization of the valley coherent photoluminescence.
Chapter 4 explores the pre-requisite for spontaneous coherence formations in TMDC monolayer exciton-polaritons by studying their thermalization as a function of an external pump.
We demonstrate trion state assisted scattering of exciton-polaritons at room temperature
when the lower polariton energy minima is resonant with the trion state in monolayer
WS2 .
Chapter 5 delves into polariton assisted non-linear response in bulk TMDCs. The formation of self-hybridized polaritons in bulk TMDCs is discussed and relaxation in the
symmetry requirements for second harmonic processes is realized via Second Harmonic
Generation in centrosymmetric bulk TMDCs systems when excited at the polariton resonances.
Chapter 6 describes the realization of highly interacting exciton-polariton fluids in bilayer
MoS2 interlayer excitons. We discuss the experimental technique used in quantifying the
non-linearity in this system and distinguish the various mechanisms responsible for the
observed non-linearity. We conclude the chapter with possible advancements that can be
made in the system to yield an even higher non-linearity by realizing dipolar polaritons.

Experimental methods are covered in the Appendix. Sections on Fourier Imaging,
nano-fabrication techniques, TMDC dry exfoliation and transfer, spectroscopic characterization techniques, and relevant Matlab codes that have been used in this thesis are explained in details.
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Chapter 2

Introduction
2.1

Brief chronological narrative

This section is dedicated to a brief chronological epistemology of light, as a means to convey our motivation for the ever-continuing efforts to understand, explore and utilize its
properties. Long before Newton’s and Huygens’ seemingly contradictory proposals of
light being a particle (corpuscular theory) and a wave (wave theory) in the 17th century,
several works on optics had been written dating back to Socratic philosophers [3]. After
Thomas Young’s groundbreaking experiments demonstrating interference patterns during early 1807, light was established to be a wave, thereby seemingly ending the debate
of Newton vs Huygens interpretations. James Clark Maxwell consolidated the theory of
propagation of these waves of light in 1864 with the four Maxwell’s equations [4], thus
laying the foundations of electromagnetism (EM). Heinrich Hertz dealt the finishing blow
to the particle theories of light by experimentally detecting radio waves in 1888. At this
point in history, armed with tools like mechanics, electromagnetism, and thermodynamics, physicists thought they had a complete understanding of most physical phenomena;
except for few persistent problems like the spectrum of the black body radiation and the
apparent thermal equilibrium of matter and electromagnetic radiation. Four decades later,
tackling this problem took Max Planck to introduce a rather radical idea of "quanta of light
energy"; a concept which Einstein borrowed to propose the famous photoelectric effect
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in 1905. This bought an unprecedented scientific and epistemological revolution, ushering a new mechanics that would completely shake the very foundations of physics at that
time. Following seminal works of Erwin Schrodinger, Paul Dirac, Enrico Fermi, and many
others, the theory of quantum mechanics flourished, and today quantum field theories
(Standard model and beyond) are the front runners in the race for a truly unified theory of everything- the holy grail of all science [5]. In this, the "quantum of light energy"
or a photon has played the role of the main protagonist. Especially since the advent of
lasers in the 1950s, photons have been a rich testing bed for many fundamental theories of
quantum mechanics, and more importantly, have accelerated the transition of celebrated
esoteric academic concepts to technologies that would revolutionize our lives. However,
before we confer the entire credit for shaking up our ideas regarding nature and its phenomena to the phenomenon of "the existence of light", we should note that the recurring
theme in all the attempts to grapple with the nature and origin of light throughout history
have been through its interaction with material objects or matter. Be it Ibn al-Haytham’s
seven-volume treatise on optics or Einstein’s photoelectric effect, empirical observations
like reflections, absorption, or diffraction of light when it interacts with matter have been
the cornerstone towards our current understanding of light. Continuing along this vein
this thesis documents an attempt at broadening the scope of light-matter interactions and
exploring tangible technologies by hybridizing photonic and matter degrees of freedom.

2.2

Light-Matter Interactions

This section is dedicated to a brief pedagogical introduction to the nature of light-matter
interactions (LMI) and its manifestations and control in very specific cases. LMI like reflection or diffraction of light does not alter the nature of itself or the matter that it interacts
with and can be explained within the classical framework of Maxwell’s equations. For the
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sake of brevity, we rely on Jackson’s book [4] for in-depth expert discussions on these topics. The type of LMI that is of interest to us requires a description that is microscopic in
origin. In the linear regime, it manifests itself as absorption, photoluminescence, and as
in the case of this thesis- the hybridization of the light and matter degrees of freedom. In
the non-linear regime, this manifestation is seen in the form of either parametric processes
like harmonic generation, parametric amplification, etc. or non-parametric processes like
two-photon emission, Raman scattering, etc [6]. Majority of the content in the subsequent
sections are drawn from some excellent reviews on this subject [7–12] and the references
therein.

2.2.1

Linear succeptibility

We model the material resonances (optically active transitions) that can couple to light as
a contribution to the dielectric polarizability in the form of a Lorentz oscillator.

χ(k, ω) =

fosc
ω(k) − ωo − i γexc
2

(2.1)

where χ(k, ω) is the linear susceptibility, fosc is the oscillator strength ωo is the resonance
frequency and γexc is the linewidth of the resonance. This form can be extended to higher
orders of interaction to describe non-linear polarizability. By solving the electromagnetic
Hemholtz’s equations one can arrive at the response of a Lorentz oscillator under an electric field associated with light. This formalism has been used to describe a variety of lightmatter interaction phenomena ranging from plasmons to non-linear optical phenomenon
[2, 13]. In a semi-classical approach, the matter degrees of freedom are quantized and the
light remains within a classical description, we can describe light-matter interactions in
terms of Fermi’s Golden rule. However, we will pursue a more general approach where
both the matter and light are treated quantum mechanically. To do so we begin by introducing quantization of the material excitation and then describe the light-matter coupling
Hamiltonian.
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Excitons

The material resonance that will be the co-protagonist in this thesis are excitons. They are
quasi-particles formed via an electron-hole pair bound by Coulomb interactions[6]. Excitons are mainly formed in semiconducting or insulating materials and are broadly classified into two types depending on the strength of the Coulomb interaction that binds the
electron and hole. Wannier–Mott type excitons are formed in materials with high dielectric
constants like inorganic semiconductors and insulators, where the Coulomb interactions
are screened [6]. This makes their spatial extent or exciton Bohr radius (a term borrowed
from atoms) larger than the lattice that hosts the parent charge carriers. On the other end
of the spectrum are Frenkel excitons that are formed in lower dielectric materials where
the Coulomb interactions are very strong, which causes them to have larger binding energies and small Bohr radius[14]. An intermediate case between Frenkel and Wannier excitons is the charge-transfer (CT) exciton. In molecular crystals and semiconductor heterojunctions, CT excitons form when the electron and the hole occupy adjacent molecules or
layers. Unlike Frenkel and Wannier excitons, CT excitons display a static electric dipole
moment[15] which can couple to an external electric field. In the quantum picture, exciton
wavefunction is described as a phase-locked linear superposition of the electron and hole
wavefunction
Ψexc =

X

C exc (ke ; kh )|e > ⊗|h >

(2.2)

e,h

where |e> and |h> are the exciton and hole wavefunctions respectively.ke and kh are the
P
exc (k ; k )
wavevectors associated with the parent electron and hole respectively.
e
h
e,h C
describes the relative contribution of the two states, the value of which is obtained as a
solution to the two particle Schrodinger’s equations or Bethe-Salpeter equation[10]. In
terms of second quantization, we can write the exciton creation operator in the exciton
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center of mass frame as
ê† =

X
ke ,kh


δK,ke +kh φn

m h ke − m e kh
me + mh



â†ke b̂†kh

(2.3)

here ê† , â†ke , and b̂†kh is the exciton, electron ans hole creation operators respectively. They
all follow bosonic commutation relations. me and mh are the electron and hole effective
mass. K is the center of mass momentum of the exciton. φn (k) is the wave function of the
relative motion of an electron and a hole, which takes the same form as that of an electron
and a proton in a hydrogen atom; and n is the quantum number of the relative motion
similar to a hydrogenic series of energies [8]. Now that we have laid down the basic idea
of an exciton, we describe excitons in two-dimensional TMDCs in the following sections.

2.2.3

Quasi particle zoo in Transition Metal Dichalcogenides (TMDC) systems

Semiconducting TMDCs of the form M X2 with M = W, Mo and X = S, Se, Te are layered Van
der Waals (vdW) materials that exhibit a vista of much sought after optical and electronic
properties. They have been studied extensively in the monolayer (ML) limit due to their
direct bandgap, large exciton binding energy, valley properties, and oscillator strength [10,
16–18]. Such large binding energies make these excitons stable at room temperature. Due
to their reduced dimension at their monolayer limit, they belong to a lower symmetry
group of D3h in contrast to their bulk counterpart with D6h as shown in 2.1a. The spinorbit interaction in TMDCs is much stronger than in graphene or hexagonal boron nitride.
This originates from the relatively heavy elements in the TMDCs and the involvement of
the transition metal d orbitals. In monolayer TMDCs, the spin splitting at the K point in the
valence band is around 0.2 eV (Mo based) and 0.4 eV (W based). This coupling gives rise
to the splitting of valence sub-bands and, accordingly allowing for two types of excitons,
A and B, which involve holes from the upper and lower energy spin states, respectively.

Chapter 2. Introduction

8

F IGURE 2.1: Fig 1a shows monolayer TMDC structure. The transition metal
atoms appear in black, the chalcogen atoms in yellow. Fig 1b. shows typical band structure for MX2 monolayers calculated using density functional
theory and showing the quasiparticle band gap Eg at the K points and the
spin-orbit splitting in the valence band. Fig 1c. and 1d. illustrates in a
single-particle picture show that the order of the conduction bands is opposite in MoX2 and WX2 monolayers respectively. The contribution from
spin-orbit coupling split the valence and the conduction bands causing separation between optically active (bright—spin-allowed) and optically inactive (dark—spin-forbidden) excitons [10]

At the conduction band, a smaller, but significant spin splitting exists due to partial compensation of the p- and d-states contributions as shown in 2.1c and 2.1d. In addition to
in-plane momentum, the wavefunctions in TMDCs, are characterized by their spin, valley,
and layer degree of freedom. So |e> and |h> are modified as |e >= |ke , Se , τe , te > and
|h >= |kh , Sh , τh , th > respectively. Here Se , τe and te represent the spin, the valley and
the layer index for the electron. The subscript h denotes the same quantities but for a hole
[19]. This influences the optical selection rules as chiral light can couple with spins that are
only ±1. . The conduction band spin splitting results in an energy separation between the
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spin-allowed and optically active (bright) transitions and the spin-forbidden and optically
inactive transitions (dark).
In addition to this, the strong binding energy also facilitates the observation of higher-

F IGURE 2.2: Fig 2.2a shows the optical absorption of an ideal 2D semiconductor including the series of bright exciton transitions below the renormalized quasiparticle band gap. In addition, the Coulomb interaction leads to
the enhancement of the continuum absorption in the energy range exceeding
EB , the exciton binding energy. The inset shows the atomlike energy level
scheme of the exciton states, designated by their principal quantum number
n, with the binding energy of the exciton ground state (n = 1) denoted by
EB below the free-particle (FP) band gap[10]. Fig 2.2b. shows optical refelcflection measurements showing the different Rydberg states of monolayr
WS2 [18]. Inset to the figure shows the A, B and the C excitons. Fig 2.2c.
illustrates a photoluminescence map of quasi particle zoo of states in doped
WSe2 monolayer. Various ststes like trion, biexcitons and dark excitons, etc
are visible [20]

.
order excitations, often dubbed as Rydberg states excitons as shown in 2.2 b. In the case
of intermediate doping densities, the presence of photoexcited carriers in the form of either Coulomb-bound or free charges, can significantly affect the properties of the excitonic
states. Through inelastic scattering with free charge carriers, an exciton can capture an
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additional charge and form a bound three-particle state at intermediate densities, the socalled trion states [21]. Similarly, at intermediate exciton densities, interactions between
excitons can result in a bound two-exciton state, called the biexciton state. All of this
plethora of complex many-body quasi-particles [20] as shown in 2.2 c make TMDCs a rich
playground for testing fundamental physics and also makes it an interesting platform for
optoelectronic applications.

2.2.4

Valley Properties

F IGURE 2.3: Fig 2.3a shows the coherence of bilayer WS2 and monolayer
WS2 manifested as linearly polarised emission[22]. Fig 2.3b. shows manipulation of the valley coherence as a function of out of plane magnetic field[23].
Fig 2.3c. illustrates manipulation of the valley coherence via optical Stark effect generated by an optical pump below band gap[24]

A much sought-after degree of freedom accessible in TMDC systems is its valley degree
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of freedom. A valley denotes a single particle band extrema at the high symmetry points in
the Brillouin zone. Normally valleys are energetically degenerate making their distinction
hard. In TMDCs a combination of large spin-orbit coupling, loss of inversion symmetry in
odd layered 2H stacked crystals, and breaking of time-reversal symmetry either via application of out of plane magnetic field or exciting the system with circularly polarized light,
causes valleys at K point in its Brillouin zone to become distinguishable. The parameter
characterizing the loss of degeneracy is the Berry curvature and the finite magnetic moment associated with it due to the locking of the spin degree of freedom. Details of the
origin and the dynamics of charge carriers and exciton’s valley degree of freedom can be
found in these excellent reviews [25, 26]. This makes the valleys accessible to circularly polarized and it has led to a vista of work that relies on exploring the valley degree of freedom
as a means to carry and store information[26], sparking the beginning of a new "Tronics"
called Valleytronics. Coherent manipulation of the valleys lies at the heart of Valleytronics,
and hence the idea of coherence is also explored in this context. Owing to its close analogy
to spin, the valley DoF can be considered as a pseudospin represented by a vector S on the
Bloch sphere. The out-of-plane component Sz and in-plane component Sx,y describe the
valley polarization and the coherent superposition of exciton valley states, respectively.
After optical initialization, valley depolarization and decoherence are manifested by a reduction in the magnitudes of Sz and Sx,y , respectively. Valley coherence manifests as the
retention of linear polarization in photoluminescence upon excitation with a linearly polarized laser. Several studies have been made to manipulate the phase relation between
the linearly superposed valleys that rely on breaking the energy degeneracy between the
K and K 0 valleys via Zeeman shift or large electric fields as shown in 2.3 b and 2.3 c. In this
thesis, we show manipulation of the valley coherence, assisted via microcavity birefringence, without the use of strong magnetic fields and electric fields, as described in more
detail in the subsequent sections and Chapter 3 .
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Heterojunctions

Being layered van der Waal materials has brought in a paradigm shift in the fabrication of
heterojunctions with TMDCs. Due to their monolayer thickness and comparatively larger
spread of the exciton wavefunction, direct "pick and place" techniques work out in favor
of creating heterojunctions that interact via van der Waals forces alone, thus eliminating
the need for careful epitaxial growth and the baggage that comes with it. In addition to
this their two dimensional (2D) nature allows for the formation of heterojunctions or homojunction with arbitrary twist angles resulting in emergent properties [27–30] that have
been in the limelight recently, and has been used to explore a lot of fundamental physics
of interacting systems. In these structures, a CT exciton or more commonly called an interlayer exciton (IE) is formed, which is very sensitive to the twist angle of the participating
layers. Like all CT excitons, these excitons have permanent out of plane dipole moment
that in principle allows them to couple them to an external electric field. However owing
to the large built-in interfacial field in IE formed in heterobilayers, it is hard to tune their
energies in contrast to their GaAs counterparts[31, 32]. In the interest of this thesis, IE
formed in heterobilayers also has a low oscillator strength that renders them incapable of
strongly coupling to light. Bilayer MoS2 provides a highly attractive platform to achieve
this goal [33–36]. The IE exciton in naturally stacked 2H bilayer MoS2 remarkably has both
a static out of plane (static) dipole moment and an in-plane (oscillating) dipole moment.
Due to its in-plane dipole moment, the IE exciton in MoS2 bilayer has an oscillator strength
of approximately 36% of that of the intralayer A exciton along with strong absorption that
is visible up to room temperatures. Moreover strong responses to DC electric fields have
been demonstrated in these systems, thus confirming their dipolar nature [33, 34, 36]. We
discuss more about the allure of these IE in Chapter 6 along with their potential use in exploiting non-linear responses in solid-state systems; a primary goal pursued in this thesis.
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F IGURE 2.4: Fig 2.4a and 2.4b shows the direct and exchange contribution to
the interaction energy in monolayer WSe2 . Fig 2.4c shows the contribution of
the direct coulomb interaction in interlayer excitons formed in MoSe2 -WSe2
heterostructures[37]

2.2.6

Exciton Non-linearity

In the subsection 2.2.2 we established an exciton as a boson which makes it non-interacting
at low densities. However, at higher densities, cobosonic nature of excitons comes to
the surface and exciton-exciton scattering becomes increasingly relevant. The interacting
Hamiltonian in terms of excitonic creation operators can be written as : [37]

Hx−x =

1 X α,β,β 0 ,α0 †
Wk
êα,K+k ê†β,K0−k êα0 ,K0+k êβ 0 ,K−k
2

(2.4)

Here K is the center of mass momentum as described previously, and α and β are the
excitonic indices that include the principal quantum number n and the valley index τ . The
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matrix element Wkα,β,β ,α includes direct electron-electron, hole-hole, and electron-hole
interactions and exchange interactions and can be written as
0

0

0

0

0

Wkα,β,β ,α = Vkα,β,β ,α + 2Ukα,β,β ,α
0

0

0

0

(2.5)

0

Where Vkα,β,β ,α is the direct Coulomb term and Ukα,β,β ,α is the exchange term. For a regular intralayer exciton (such as A exciton in TMDC system), the direct Coulomb energy goes
to zero for small wavevector [37]. Hence for intralayer excitons in TMDC, the exchange
term dominates. On the contrary, due to the separation of electrons and holes in two different layers for interlayer excitons in heterobilayer TMDC, the exchange term is negligible.
At the same time, the direct term is non-zero even at small wavevectors for interlayer excitons [37]. As a result, the direct Coulomb term is the dominating energy correction for
interlayer excitons as shown in calculations [37]. The direct interaction for small momenta
scales with the fourth power of excitonic Bohr radius [37]. Due to the higher Bohr radius
of the interlayer excitons (compared to the intralayer excitons) higher interaction energy
is expected in heterobilayer TMDCs. Calculations show an order of magnitude enhancement of exciton interaction in interlayer excitons due to the stronger dependence of the
direct Coulomb term on the Bohr radius as shown in Fig 2.4

2.2.7

Microcavity

The strength of light-matter interaction depends on the oscillator strength of the material
resonance and the absorption cross section. One way to enhance this interaction is by
engineering the optical density of states. This can be done in a variety of ways, but the
route that we will stick to in this thesis is using a planar microcavity. The cavity consists
of two plane mirrors M1 and M2, with reflectivities of R1 and R2, respectively, separated
by an adjustable length Lcav . The space between the mirrors is filled with a medium of
refractive index nc and the mirrors are aligned parallel to each other so that light inside
the cavity bounces backward and forward between the mirrors. One way to make such a
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F IGURE 2.5: Fig 2.5a shows schematic of a planar microcavity. Fig 2.5b
shows the dispersion of a DBR-DBR microcavity in reflection. Fig 2.5c shows
the reflectivity of the DBR-DBR cavity at zero in-plane momentum. Fig 2.5d
shows the electric field at the resonance of the cavity.

planar cavity is via using Distributed Bragg Reflectors (DBR) as mirrors M1 and M2 and
set Lcav as

λ
2.

A DBR constitutes layers of alternating high and low refraction indices,

each layer with an optical thickness of λ4 . Light reflected from each interface destructively
interferes, creating a stop band for transmission. Hence the DBR acts as a high-reflectance
mirror when the wavelength of the incident light is within the stopband. When two such
high-reflectance DBRs are attached to a layer with an optical thickness of integer times of
λc
2 ,

a cavity resonance is formed at, leading to a sharp drop in reflection at R at ωc =

2πc
λc .

The transmission T through the cavity is given by
(1 − R1) (1 − R2)
T =h
i2
√
√
1 − R1R2 + 4 R1R2sin2 φ2

(2.6)
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Where φ =

16

4πLcav
λc

The planar DBR cavity confines the photon field in the z direction but not in the x-y plane.
The incident light from a slant angle θ relative to the z axis has a resonance at

λc
cosθ .

As a

result, the cavity has an energy dispersion versus the in-plane wave number k|| as

Ecav =

Where k⊥ =

2πnc
λc .

h̄c q 2
2
kk + k⊥
nc

(2.7)

And there is a one-to-one correspondence between the incidence angle

θ and each resonance mode with in-plane wave number k|| . Thus The photon acquires
an effective mass of mc =

Ecav k
cc2
n2
c

This effective mass is typically 10˘5 of the free electron

mass. The fabrications steps to realize a DBR-DBR cavity is given in C. The reflection
and transmission coefficients of 2D microstructures can be done using a technique called
transfer matrix, detailed in A

2.2.8

Microcavity Birefringence

While calculating the energy of the photons in a microcavity we assumed that the energies
associated with the two orthogonal linear polarizations are degenerate. This is true for
zero in-plane momentum however the reflection amplitudes off a dielectric or metallic
mirror for the transverse electric (TE) and transverse magnetic (TM) linear polarization
states are generally different at k 6= 0, introducing a frequency splitting of the TE-TM
modes proportional to k 2 in the small k limit. In 2D microcavities, the TE polarization is
always in the layer’s plane, whereas the TM polarization projects with an angle θ in the
layer’s plane, hence the penetration depth of the cavity mode inside the DBRs is therefore
different for TE and TM polarization. This effect can be taken into account by a different
effective cavity mass for the TM and TE mode[38] that manifests as the frequency splitting
for different kk 6= 0. the resulting TE-TM splitting can be interpreted as a kind of spin-orbit
interaction term coupling the orbital (the wave vector k) and pseudospin (the polarization)
degrees of freedom of the cavity photon and can be described by a Hamiltonian term of
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F IGURE 2.6: Fig 2.6a shows the configuration of electromagnetic waves
upon normal incidence on a 2D microcavity. Fig 2.6b shows the decomposition of the wavevector into TE and TM polarizations. Fig 2.6c shows
frequency splitting due to different effective mass corresponding to TE and
TM polarization.

the form
Z
HSO =

dk2 X 2
k Ωso (k)[cos(2φ)Pxσ,σ0 + sin(2φ)Pyσ,σ0 ]â†σ (k, t)âσ0 (k, t)
2
4π σ,σ0

(2.8)

±
Where Px,y
σ,σ0 is the Pauli matrix, σandσ0 run over the circular polarization basis σ . Ωso is

the k dependent magnitude of TE-TM splitting and φ is the azimuthal angle made by k on
the x axis. âσ0 (k, t) and â†σ (k, t) are the cavity photon annihilation and creation operators
respectively. This spin-orbit interaction is carried over when light and matter degrees of
freedom hybridize to form polaritons.

Chapter 2. Introduction

F IGURE 2.7: Fig 2.7a,2.7b and 2.7c shows the polariton dispersions and
their corresponding Hopfield coefficients for different values of detuning
(∆E(kk ) ).[8]
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Microcavity exciton-polaritons

Light interacts with material resonances via dipole like coupling that is described by the
minimum coupling Hamiltonian in the interaction picture. It can be written as

Hdip =

1 
e 2
P̂ − Â
2m0
c

(2.9)

where P̂ is the canonical momentum of an electron with charge ˘e and mass m0 . Â is the
vector potential, defined in Coulomb gauge. Using rotating wave approximation we get

Hdip =

−e
Â.P̂
m0

(2.10)

The light-matter coupling Hamiltonian, with within the rotating wave approximation can
be recast in second quantization form as

Hdip =

X

Ecav (kk , kc )â†kk âkk +

X

Eexc ê†kk êkk +

X

g0 (â†kk êkk + âkk ê†kk )

(2.11)

Where the operators have the usual meaning as describes in previous sections. kk is the
in-plane wave vector and kc is the longitudinal wavevector in the z-direction that is set by
the cavity length. g0 is the exciton-photon dipole interaction strength that is given by
s
g0 =

2 ω
fosc
20 h̄V0

(2.12)

where fo sc is the oscillator strength for interaction with light of frequency ωc given by the
magnitude of the transition dipole moment of the exciton, and can be written as

fosc =

−2ωc q
V
| < h|Â.P̂ |e > |2 3
h̄
πaB

(2.13)

where |e> and |h> are the exciton and hole wavefunctions respectively, V is the quantization volume (mode volume) and aB is the Bohr radius of the exciton and q is a charge
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associated with the EM field. When g0 is smaller than characteristic energy scales in the
system namely the cavity and the exciton linewidths (κ and γexc respectively) then the interaction can be treated perturbatively [39]. If the rate of energy exchange between the
cavity field and excitons (g0 ) becomes much faster than the decay and decoherence rates
of both the cavity photons and the excitons, one can no longer resort to perturbative approach and has to diagonalize Hdip . The Hamiltonian is diagonalized in two basis that is
written as
P̂kk = Xkk êkk + Ckk âkk

(2.14)

Q̂kk = Xkk êkk − Ckk âkk

(2.15)

Here P̂kk and Q̂kk are the annihilation operator of the upper and the lower polariton
branches respectively. Thus a polariton is a linear superposition of an exciton and a photon with the same in-plane wave number kk . Since both excitons and photons are bosons,
so are the polaritons. The exciton and photon fractions in each LP and UP are given by
the amplitude squared of Xkk and Ckk respectively, which are referred to as the Hopfield
coefficients. They can be calculated as follows[8]


∆E(k
)
1
k

|Xkk |2 = 1 + q
2
∆E(kk ) + 4g02

(2.16)



∆E(k
)
1
k

|Ckk |2 = 1 − q
2
∆E(kk ) + 4g02

(2.17)

Where ∆E(kk ) = Eexc (kk )−Ecav (kk ). The energies of the polaritons, which are the eigenenergies of the Hamiltonian, are deduced from the diagonalization procedure as
q
1
EU P,LP (kk ) = [Eexc + Ecav ± 4g02 + ∆E(kk )2 ]
2

(2.18)
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The quantity 2g0 is called the Rabi splitting and is measured at the the value of kk where
the LP and UP energies have the minimum separation.
Owing to the large fosc of TMDC especially in the monolayer limit, strong coupling between cavity photons in microcavities and excitons in ML TMDCs has been demonstrated
at room temperature [40]. In addition, in such a strongly coupled system, the polaritons
retain the valley excitonic properties of the host material [41–43]. This has brought TMDC
exciton-polaritons a lot of fame and is the central theme of this thesis. The matter and
light components in these systems not only complement each other’s potential, but they
also ameliorate native properties of their parent constituent by providing control knobs
not accessible in the individual constituent. For example, in Chapter 3 we demonstrate
manipulation of the plane of polarization in spin valley coherence of bilayer WS2 polaritons via the microcavity birefringence inherited from the microcavity. Another example is
enhancing interaction among polaritons fluids formed in IE of bilayer MoS2 demonstrated
in Chapter 6 that is a significant step towards thwarting the non-interacting bosonic nature of photons and generating highly correlated photons. In the subsequent sections, we
will explore some properties that are made available in the polariton systems that are not
native to either of the parent constituents.

2.3

Properties of polariton fluids

Exciton-Polaritons like their parent constituents are composite fermions (electron and hole)
and bosons (photons) which makes them an interesting platform to study various quantum
fluid properties [7]. In addition to this polariton formation has several advantages like
reduced scattering from defects to maintain extended coherence, reduced effective mass
that assists in thermalization of polaritons, to name a few. Many essential properties of
the polariton gas can be directly measured through the leakage photon field with welldeveloped spectroscopic and quantum optical techniques, including coherence functions.
We will discuss some of the phenomena that are enabled by exciton-polaritons.
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Polariton spin hall effect

F IGURE 2.8: Fig 2.8a shows the scheme of the considered configuration:
linearly polarized light is incident on a semiconductor microcavity under
oblique angle. Polarization of the scattered light is analyzed. The red arrows
show the distribution of the effective magnetic field induced by the TE-TM
splitting on an elastic circle in reciprocal space. The green circle sketches the
polariton state resonantly excited by a pulse having an in-plane wave vector
along the x axis. This initial polariton state is TM polarized and has its pseudospin parallel to the x direction (green arrow). The blue circles and blue
arrows show the short-time distribution of particles and their pseudospin
orientation. The red arrows show the distribution of the effective magnetic
field induced by the TE-TM splitting[44]. Fig 2.8b shows a cartoon of precession of the polarization pseudospin as a function of azimuthal angle of a
fixed in-plane momentum on the left. The figure on right shows experimental helicity resolved photoluminescence image int he Fourier plane [45]. Fig
2.8 shows the time evolution of the the polarization pseudospin of polaritons
upon linearly polarized excitation in real space and in Fourier space. The
arrows on the top left indicate the excitation (left) and the collection(right)
polarizations[46].

Microcavity polaritons bring in a remarkable analogy of spin hall effect in semiconductors[47] via the phenomenon of Rayleigh scattering. The distribution of momentum of the
polaritons due to Rayleigh scattering causes their polarization pseudospin to rotate owing
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to the pseudomagnetic field due to the TE-TM splitting of the microcavity mode. The polarization dynamics of the lower polaritonic branch can be described using density matrix
formalism [48]. We define density matrix as ρk (t) = 12 Nk (t) + Sk (t) · σ where Nk (t) is the
total population of the polaritons at the lower branch. Sk (t) and σ are the pseudospin vector and the Pauli matrix acting on the states excited by the right and left circularly polarized
light. Due to the large TE-TM splitting of the metallic cavity and extremely short lifetime
of the cavity photon, we assume that the photon population and pseudospin dynamics of
the polaritons are determined by their photonic component. Therefore, the dynamics of
the population and the pseudospin are governed by

ih̄

∂ρk
= [H, ρk ]
∂t

(2.19)

Where Hamiltonian H is defined as

H = EL P (k) − gs µB Ωso .Sk

(2.20)

Here EL P (k) is the energy of the lower polariton branch, gs and µB are the g-factor of the
polariton and the Bohr magneton respectively. Ωso is the momentum dependent TE-TM
splitting strength of the polariton mode. Solving for the dynamics of Sk and using some
pseudospin algebra we get
dNk
1
= − Nk + Pk
dt
τk

(2.21)

 Pk

dSk
1
= − Sk + Ωik × Sk +
dt
τsk
2

(2.22)


Where τk is the polariton lifetime as defined previously in the text.Ωik = Ωxk , Ωyk , 0 =
Ωk (cos (2χk ) , sin (2χk ) , 0) is the pseudo-magnetic field due to the TE-TM splitting of the


2
cavity modes ∆LT (k) i.e.Ωk = |Ck | ∆h̄L T (k) ,Ck is the polariton photon fraction and τsk is
the pseudospin lifetime resulting from the decoherence mechanisms other than the cavity
pseudomagnetic field.χk is the azimuthal angle of the momentum kk and Pk describes the
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polariton flux initialized by the pump. In the current setup pump is linearly polarized
along x axis, i.e.Pk = (Pk , 0, 0). In steady state,we get

Nk = Pk τk

(2.23)

2 Ω sin 2χ
−Pk τsk
k
k
2
2
2(1 + Ωk τk )

(2.24)

2 cos2 (2χ )
Pk τsk (1 + Ω2k τsk
k
2
2
2(1 + Ωk τsk )

(2.25)

3 Ω2 sin (4χ )
Pk τsk
k
k
2 )
4(1 + Ω2k τsk

(2.26)

Skz =
Skx =

Sky =

The plane of polarization angle is given by

φ=

2 sin (4χ )
Sy
Ω2k τsk
1
1
k
arctan kx = arctan
2 cos2 (2χ )
2
Sk
2
2(1 + Ω2k τsk
k

(2.27)

We take advantage of this feature of Rayleigh scattering in a bilayer WS2 exciton-polariton
to control the spin-valley coherence in Chapter 3.

2.3.2

Polariton Condensation

Condensation or a Bose-Einstein condensation (BEC) is referred to as the simultaneous
occupation of ground state by bosons at a particular value of chemical potential. BEC
manifests as a spontaneous creation of coherence in photoluminescence in polariton systems. However, A uniform 2D system of bosons does not have a BEC phase transition
at finite temperatures in the thermodynamic limit since long-wavelength thermal fluctuations destroy long-range order. However for finite system sizes and a finite number of
single-particle states we can define a quasi-BEC state. In addition to the quasi-BEC phase,
the formation of vortices drives another phase transition unique to the 2D system—the
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BKT transition that is characterized by a BKT transition temperature that is given by

TBKT = ns

πh̄2
2m2 kB

(2.28)

where ns is the superfluid density [8]. In the systems under consideration in this thesis we
will mostly be dealing with quasi-BEC or BKT like transition. We note that the transition
temperature has an inverse mass dependence and to that end we try to get an estimate of
the effective mass of a polariton. For small in-plane momentum from eqn 2.18 we see that
the dispersion is parabolic

ELP,U P (kk ) ≈ ELP,U P (0) +

h̄2 kk2
2mLP,U P

(2.29)

The polaritonic mass is then given by a weighted harmonic mean of mass of the exciton
and the cavity photon.
1
|X|2
|C|2
=
+
mLP
mexc mcav

(2.30)

1
|C|2
|X|2
=
+
mU P
mexc mcav

(2.31)

where X and C are the Hopfield coefficients, mexc and mcav are the effective masses of the
exciton and the cavity photon respectively. Since mcav  mexc we get

mLP (kk ≈ 0) ≈

m[ cav]
≈ 10−4 mexc
|C|2

(2.32)

m[ cav]
|X|2

(2.33)

mU P (kk ≈ 0) ≈

This small effective mass for LP near-zero in-plane momentum facilitates quasi-BEC or
BKT like transitions at elevated temperatures up to room temperature [8]. In Chapter 4 we
will be looking into a preliminary indication of BEC transition in TMDC exciton-polaritons
by analyzing steady-state thermalization.
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Carrier induced non-linearity

Carrier induced excitonic nonlinearity can manifests itself via one of the three major mechanisms: a) Exchange interaction causing re-normalization of single-particle and exciton
energies and thus shift the transition frequency, b) Phase space-filling which causes a direct reduction of excitonic oscillator strength by reducing the number of available singleparticle states that contribute to the exciton formation, and c) Long-range Coulomb screening caused by excess change carriers. Of these, the first two are due to the fermionic nature
of the single particles states that make up the exciton and the third is independent of spin
and depends only on the charge. These carrier induced effects have been extensively studied in III-V systems [49, 50] and in TMDCs [51, 52]. In the case of polariton formation, the
first two effects are manifested as shown in the cartoon of Figure S3a and S3b. The system
starts in the configuration that is shown by the blue solid lines. For exchange interaction
in Figure. S3a, due to the energy re-normalization the exciton blue shifts, which causes
both the polariton branches to blue shift as shown by the orange dashed lines. Figure
S3b. shows the effect of phase space filling on exciton-polaritons. The reduction in the
oscillator strength causes the Rabi splitting energy to reduce and close the gap and effectively recover an uncoupled system shown by the orange dashed line. This mechanism is
dominant in TMDC and other large band-gap systems [53–57]. Figure S3c shows the experimental shift of energies of the upper and lower polariton at the angle of anti-crossing
as a function of input laser power for bulk MoSe2 self-hybridized polariton systems. As it
can the seen the lower polariton blue shifts as a function of power and this effect manifests
as a reduction of the intensity of SHG as shown in Figure 3b in the main text. Note that
the MoSe2 self-hybridized polariton shown here has a lower Rabi splitting compared to
the system used in the main text and is excited at energies with a high excitonic fraction
which causes it to saturate at lower powers as compared to the self-hybridized polaritons
in WSe2 .
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Polariton-Polariton interaction

F IGURE 2.9: Fig 2.9 shows a schematic of the effect of different carrierinduced excitonic nonlinearities on the polariton dispersion. The system
starts in the configuration that is shown by the blue solid lines. For exchange interaction in 2.9a, due to the energy re-normalization the exciton
blue shifts, which causes both the polariton branches to blue shift as shown
by the orange dashed lines. Figure 2.9b. shows the effect of phase space
filling on exciton-polaritons. The reduction in the oscillator strength causes
the Rabi splitting energy to reduce and close the gap and effectively recover
an uncoupled system shown by the orange dashed line.

To substantiate the previous section we delve into more details of polariton parametric interactions. The interactions in polaritons stem from their excitonic fractions and are
mainly carrier-induced non-linearities as mentioned in the previous section. The Hamiltonian describing the re-normalization of quasi-particle energy is given by

Hx−x =

1 X XX †
Wk êK+k ê†K0−k êK0+k êK−k
2

(2.34)

For a non polarized (no permanent dipole moment) exciton gas, WkXX reduces to W0XX =
6e2 aB
A

in the limit of small wave vector k[58]. Here  is the static dielectric constant, aB

is the Bohr radius, and A is the quantization area. the reduction of light-matter coupling
strength due to loss of oscillator strength due to phase space filling is is given by

Hsat =

1 X h̄ΩR †
â
ê†
êK0+k êK−k + h.c
2
nsat A K+k K0−k

(2.35)
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[58]. To translate this interactions to the polariton picture we perform an

unitary operation to change the operators in the interaction potentials to polaritonic operators. Noting from Section 2.2.9 Eq (2.14) and (2.15) we can write the polariton operators
in terms of the parent constituents as


 
P
 kk   Xkk

=
Qkk
−Ckk

 
Ckk   êkk 
 
Xkk
âkk

(2.36)

We then change the excitonic and photonic operators to polaritonic operators but multiplying both sides by a unitary operator that is the inverse of the Hopfield matrix to get
êkk = Xkk Pkk − Ckk Qkk and âkk = Ckk Pkk − Xkk Qkk . Substituting in eqn 2.28 and 2.29 we
retain terms containing only the operator Pkk and Qkk to get the interaction potentials for
the upper and the lower polaritons respectively. Retaining the terms only for the lower
polaritons gives us the following form of the interaction potential :
LP
=
VKK0,k

2h̄ΩR
6e2
(|CK+k XK0−k + |CK0−k |XK+k )XK−k XK0+k
XK+k X0−k XK0+k XK−k +
aB
nsat a2B
(2.37)

We note that both the exciton-exciton interaction and the saturation terms are positive for
the lower polariton. Hence the interaction of the lower polariton is always repulsive and
there is a blueshift in energy. Performing the same analysis for the upper polariton we get
UP
VKK0,k
=

6e2
2h̄ΩR
XK+k X0−k XK0+k XK−k −
(|CK+k XK0−k + |CK0−k |XK+k )XK−k XK0+k
aB
nsat a2B
(2.38)

In this case, depending on the magnitude of VXX and Vsat the interaction can be repulsive
or attractive. In other words, if the nature of the interactions is saturation dominated,
as is in TMDC exciton-polaritons and other semiconductors with large binding energies
and strong oscillator strength, the upper polariton redshifts, whereas in systems with low
binding energies and larger Bohr radius, the re-normalization of the excitonic energies
wins out thereby effectively blue shifting the upper polariton. This is shown in the cartoon
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depicted in Fig 2.9

2.3.5

Polariton assited relaxation of symmetry requirements for second order
non-linearity

Polaritons also assist in the relaxation of the symmetry requirements for second harmonic
generation in centrosymmetric crystals. To fully explain the experimental results shown in
Chapter 5 we use a model with layers of alternating χ(2) [59]. Any crystal with inversion
symmetry should possess zero second-order non-linearity because the macroscopic polarization, p(2) (E) = −p(2) (−E) leads to vanishing of all even nonlinear susceptibility under
the electric dipole approximation. This is indeed true for 2H stacking of an even number
of layers in 2D TMDCs in which the inversion symmetry is restored. This cancellation of
SHG for an even number of layers can be envisioned macroscopically as shown in Fig. 5.4a,
where two successive MLs have alternative signs of the induced second order polarization,
i.e., χ(2) in the first layer is equivalent to −χ(2) in the next layer, leading to a canceling of
the SHG for even number of layers in the far-field. However, recent reports have shown
that despite the existence of geometrical inversion symmetry in some systems, e.g., bilayer
WSe2, SHG can arise by breaking the inversion symmetry of the induced charges. If the
field is asymmetric across different layers of the 2D TMDC, the nonlinear polarizations
add coherently, generating SHG. This is depicted in Fig. 4b where the nonlinear polarization represented by arrows, are in opposite directions, but not of the same magnitude [60] .
Recent work has additionally shown that artificially stacking 2D layers with a controllable
twist angle between the layers can lead to enhancing or suppressing SHG, described by a
superposition relation shown in Fig. 5.4b but with the arrows now pointing along with different directions [61]. For the given polariton system, if we consider a pump wavelength
at the fundamental frequency ω impinging from the top, the electric field distribution is
not symmetric. In this case, the SHG from different layers does not cancel each other in
the far-field as shown in Fig. 5.4c thereby resulting in the SHG signal that is observed in

Chapter 2. Introduction

30

the experiment. This effect is further enhanced by the higher photonic density of states at
the polariton branches. While this model captures the qualitative behavior of the SHG, it
overestimates the value of the SHG response seen previously in a related work [59]. We
classically model the enhancement in the nonlinear process by solving coupled linear equations at the fundamental frequency ω, and at the SHG frequency 2ω. To describe the SHG
response of the system we model the WSe2 as a multilayer system with a layer thickness
of 0.5 nm. The only non-vanishing susceptibility terms are,
(2)
(2)
(2)
χ(2)
yyy = −χyxx = χxxy = χxyx

(2.39)

where y is the armchair direction of the crystal lattice. We assume in the simulation that
the incident polarization is aligned with the armchair direction, giving rise only to SHG
polarized in the armchair direction. We model the nonlinear polarization in each layer as,
(2)

pl
(2)

where l is the layer number, and χl

(2)

(ω) 2

= 0 χl,yyy El,y

(2.40)

is positive for odd layers, and negative for even layer
(ω)

counted from a fixed reference, and El,y is the field distribution in layer l at the fundamental frequency. We then use this polarization current as the source for the SH signal. We use
this model to describe the SHG from a ML and the polariton system. Interestingly, using
this simple model we can observe an enhancement of around four orders of magnitude
between SHG from ML, and the SHG from bilayer, which perfectly matches our experimental results. The polariton system shows enhanced SHG at lower polariton resonance
with SHG efficiency close to that of a ML. We attribute this large SHG in the cavity coupled
system near resonance due to the combination of the field enhancement and its spatial profile, which leads to an asymmetric distribution of nonlinear polarization. At the same time
in bulk WSe2 outside the lower polariton resonance, we found an almost negligible SHG
owing to near-perfect cancellation of the SH field of individual layers in the far-field.
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The model used here does not invoke non-local effects and remains well within the dipole
approximation. The analysis shows that in layered systems like TMDCs, SHG should be
treated as a collective effect of its constituent non-centrosymmetric ML.
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Chapter 3

Microcavity birefringence assisted
polariton Spin Hall Effect
Coherent control and manipulation of quantum degrees of freedom such as spins form
the basis of emerging quantum technologies. In this context, the robust valley degree of
freedom and the associated valley pseudospin found in two-dimensional transition metal
dichalcogenides is a highly attractive platform as mentioned in section 2.2.4. Valley polarization and coherent superposition of valley states have been observed in these systems
even up to room temperature. Control of valley coherence is an important building block
for the implementation of valley qubit. Large magnetic fields or high-power lasers have
been used in the past to demonstrate the control (initialization and rotation) of the valley coherent states. To further the control of the plane of valley polarized emission, we
demonstrate control of layer-valley coherence via strong coupling of valley excitons in bilayer WS2 to microcavity photons by exploiting the pseudomagnetic field arising in optical
cavities owing to the TE-TM splitting as discussed in section 2.3.1. The use of photonic
structures to generate pseudomagnetic fields which can be used to manipulate excitonpolaritons presents an attractive approach to control optical responses without the need
for large magnets or high-intensity optical pump powers. This is work has been adapted
from the work titled
“Optical manipulation of layer-valley coherence via strong exciton-photon coupling in

Chapter 3. Microcavity birefringence assisted polariton Spin Hall Effect
microcavities”
Mandeep Khatoniar, Nicholas Yama, Areg Ghazaryan, Sriram Guddala, Pouyan
Ghaemi,Kausik Majumdar, Vinod Menon
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Motivation
The need for efficient and fast transfer of information has driven a large body of research in
the past decades that lead to finding alternatives to using moving electrons. Utilizing the
spin of the electrons as means of information storage or Spintronics emerged as a result of
such research but difficulty in transfer and control of electronic spin and the cryogenic
temperatures or complicated sample preparations for maintaining long spin coherence
times leave much room for development in this field [1]. Transition Metal Dichalcogenides
(TMDCs)are a class of layered van der Waals (vdW) materials which in addition to various
electronic and optical properties like a direct bandgap at the Brillouin zone edges (K and
K’ valleys) and pronounced spin-orbit coupling, have come into limelight for their valley
selective optical transition rules arising from the breaking of inversion symmetry and their
coupling of the layer, valley and spin degrees of freedom[16, 26].
These valley selective transitions have been exploited to demonstrated valley polarization
under circularly polarized pump which excited carriers in either the K or K0 valleys and
valley coherence under linear polarized excitation where both valleys are excited. Valley coherence has received much interest in the context of using the valley pseudospin
as a qubit and realizing entanglement between the two valleys when excited with single
photons. Till date, the manipulation of valley coherence has been achieved either using
magnetic fields or using intense optical fields[26].
TMDCs have also become a very attractive platform for studying strong light-matter coupling and exciton-polariton formation [10]. Indeed their valley degree of freedom was
exploited in several recent works on strong coupling in these low-dimensional systems
[11–14]. More recently the enhancement in valley coherence under strong coupling and the
control of the valley exciton-polariton propagation was also demonstrated. While monolayer TMDCs did show valley coherence, these observations were mostly at low temperatures to suppress the undesirable intervalley scattering. In addition to the valley degree
of freedom, the 2D TMDCs also offer the layer and spin degrees of freedom. The interplay

Chapter 3. Microcavity birefringence assisted polariton Spin Hall Effect

35

between these degrees of freedom results in robust layer-spin-valley coherence which was
demonstrated in bilayer TMDCs.
Here we demonstrate the control of layer-valley coherence in bilayer WS2 via strong coupling of excitons to cavity photons by exploiting the pseudomagnetic field that arises in
optical cavities owing to the TE-TM splitting of the cavity photon mode[48].

3.1
3.1.1

Results
Valley coherence of bilayer WS2

a)

b)

c)

F IGURE 3.1: Fig 3.1a shows the coherence scheme in bilayer WS2 . Fig 3.1b
shows the white light spectrum comparing different TMDC layers with inset showing optical image of the bilayer sample used for the experiment. Fig
3.1c. shows the response of the bilayer photoluminescence (PL) under rotation of the analyzer with laser polarization horizontal to the slit direction of
the spectrometer.

Fig. 3.1a is a cartoon showing the bands at K and K0 valleys for the tungsten (W) based
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bilayer TMDC system. Here the helicity-dependent optical selection rules get flipped between the two layers as shown by the red and blue transitions in layers 1 and 2 due to
their 2H stacking. Although restoration of the center of inversion indicates the loss of valley dichroism, the bilayer system retains its spin dichroism as the spin-up and spin-down
states are still decoupled owing to the interlayer hopping that conserves spin. This has
been realized experimentally in where bilayer WS2 retain robust degrees of valley polarization and valley coherence even at room temperature. Bilayer WS2 was obtained via
mechanical exfoliation and was identified using white light reflection as shown in Fig.
3.1b. Films of bilayer WS2 were identified using photoluminescence and reflectance spectroscopy. All measurements were done at room temperature unless specified otherwise.
The degree of linear polarization (DOP) is defined by ρ =

Imax −Imin
Imax +Imin ,

where Imax is the

maximum intensity and Imin is the minimum intensity obtained as after the PL passes
through an analyzer. The value of ρ was obtained by fitting the obtained analyzer angle Θ
and normalized intensity I to I = cos2 (Θ − φ) +

1−ρ
2
1+ρ sin (Θ

− φ) with ρ and φ (rotation of

plane of polarization) as the fitting parameters.For the bilayer sample on quartz coverslip
a value of ρ = 0.42 was obtained which agrees with the previously reported value. Nonresonant excitation at 532nm shows a lower DOP of ρ = 0.29 due to increased chances of
scattering and electron-hole exchange. Coherence measurements were also performed on
monolayer WS2 on quartz which yielded a ρ = 0.14 which is low compared to the bilayer.
Thus a high degree of coherence retention from the two momentum separated valleys is
observed as shown in Fig. 1c, thereby indicating that bilayer WS2 is robust against aforementioned depolarization mechanisms present in these systems which serves as the main
motivation for the use of bilayer W S2 in the polariton system over monolayers, where one
has to go to low temperatures to observe an appreciable degree of valley coherence.
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F IGURE 3.2: Fig 3.2a. shows the cavity schematics used in the experiments.
Fig 3.2b. shows the white light dispersion of the microcavity polaritons.The
green and yellow solid lines correspond to the upper and lower polariton
branches obtained via coupled oscillator fit. The dashed yellow line is the
bilayer WS2 exciton resonance and the red dashed line is the cavity at dispersion. Fig 3.2c. shows the response of the polariton photoluminescence
(PL) under rotation of the analyzer with laser polarization horizontal to the
slit direction of the spectrometer. Fig 3.2d. shows the dependence of the
DOP with increasing kk

.

3.1.2

Polariton valley coherence and control

The bilayer samples were then transferred, via Polydimethylsiloxane (PDMS) stamping,
onto a 100 nm silver deposited substrate coated with a thin aluminum oxide film of 65
nm deposited via Atomic Layer Deposition(ALD) serving as the bottom mirror and dielectric spacer respectively. The samples were then annealed in argon, spin-coated with
poly(methyl methacrylate) (PMMA )which serves as a top spacer. A top layer of silver
was deposited using electron beam evaporation. Strong coupling could then be verified
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using wavevector resolved photoluminescence and reflectance spectroscopy as shown in
Fig. 3.2a. Fig. 3.2b shows the white light reflection of the encapsulated bilayer. The
upper polariton (UP) and lower polariton(LP) branches are fitted to a coupled oscillator
model (indicated by the green and yellow solid lines respectively) to yield a Rabi splitting of g ∼ 40 meV with a cavity detuning of ∼ 61.5 meV with respect to the exciton line.
polarization-resolved PL Fourier space image of the bilayer was taken with a 620nm pulsed
laser aimed at a quasi resonant excitation of the UP branch at kk = 0 photon in-plane momentum(denoted in the figures as ky /k0 ). Here kk =

2π
λ sinα

with λ as the wavelength and

α as the angle made by the incident k (momentum) vector with the normal. Cross-sections
on the PL image were binned at different intervals along the slit direction (ky ) and the intensities were plotted against the analyzer rotation angles. Fig. 3.2c shows the polar plots
with their respective fits at kk = 0. A DOP of ρ = 0.65 is obtained for the polariton emission
at low in-plane momentum which is slightly higher than the bare bilayer emission. This is
attributed to the low lifetime of the polariton state at such low kk . The polariton lifetime at
a specific kk is given by τk =

τphoton
Ck ,

where τphoton is the lifetime of the photon inside the

cavity as determined by its quality factor and Ck is the photon fraction of the polariton at
a given in-plane momentum. At small kk the photon fraction of the cavity is the highest
and hence the lifetime of the polariton is reduced. This process competes with the depolarization processes thereby allowing the polariton to retain a higher degree of coherence
compared to that of the uncoupled exciton. A gradual reduction in the DOP obtained after
fitting the data is observed as shown in Fig. 3.2d. Error bars indicate the error in Malu’s
law fittings. This is attributed to the fact that at high in-plane momentum the lifetime of
the polariton increases as the lower polariton branch acquires a higher excitonic fraction.
The calculated τ for kk = 0 and kk = 0.5k0 are 53 fs and 98 fs respectively for a cavity of
quality factor of 70. Also, the TE-TM splitting becomes significant with an increase in kk
which provides an additional spin relaxation pathway for the polaritons.

Chapter 3. Microcavity birefringence assisted polariton Spin Hall Effect

39

F IGURE 3.3: Fig 3.3a. shows the schematic of excitation with a horizontally
polarized laser at kk = 0 for the UPB and the rotation of the plane of polarization inside the microcavity at the momentum of kk = 0.5ko marked
by the white dashed circle. The double-headed arrow indicates the polarization of the input (orange) and the output PL at different in-plane momentum
(red). The pseudo-magnetic field associated with that in-plane momentum
is shown with blue arrows indicating the direction of the pseudo-magnetic
field and the red double-headed arrow showing the initialization of the polariton pseudospin. Fig 3.3b. shows the radial dependence of the rotation of
polarization φ as a function of kk at a fixed azimuthal angle χk = 45o . Error
bars indicate the errors due to Malu’s law fits. Fig 3.3c. Shows the rotation
of the plane of polarization φ as a function of azimuthal angle of the wave
vector χk with a constant kk = 0.5k0

Next, we demonstrate to manipulation of the plane of polarization with the aid of the
microcavity. Fig. 3.3a shows the schematic of the process by which one can realize this
rotation in a microcavity taking advantage of the LT mode splitting which occurs due to
difference in effective path length traversed by the L(TE) and the T (TM) modes inside
a microcavity. The presence of an LT splitting gives rise to an effective magnetic field
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(pseudomagnetic field) that goes as B ∼ (kx ± iky )2 e2iχk , where kx and ky are the x and y
component of the in-plane wavevector k. The presence of this magnetic field causes the
precession of the polariton psuedospin when initialized with a non-zero angle with respect
to the magnetic field. The z component of the pseudospin acquired due to the rotation
decays as it moves along the Poincare sphere till it is emitted as the polariton decays. And
the projection of the pseudospin state on the kx -ky plane just before it decays determines
its plane of polarization. To this purpose, a polarization-resolved full Fourier image of
the emission is obtained by removing the slit and letting the Fourier image fall on the
CCD directly bypassing the grating spectrometer. A fixed horizontal input polarization
is maintained throughout the experiment . Fig. 3.3b shows the rotation of the plane of
polarization as a function of kk .Fig. 3.3c shows the polar plots of emission intensity as a
function of analyzer angle at a fixed value of kk ∼ 0.5 but with varying azimuthal angle
χ. The rotations are limited by the lifetime of the polariton species and the strength of the
effective magnetic field. The Z component acquired as a result of the precession decays
−t

as a function of

2kx ky e τ
.
(kx −iky )2

As the elastic circle increases with increasing kk the strength of

the pseudo-magnetic field increases and thus the z component of the psuedospin decays
faster. Hence we have an upper limit to the range of rotations available to us. One could
change the dielectric environment in the cavity spacer or increase the polariton lifetime via
an enhanced quality factor to increase the extent of rotation available to us. We perform a
density matrix formalism to simulate the results obtained which are shown below.

3.1.3

Theory

The polarization dynamics of lower polaritonic branch can be described using density matrix formalism made in Chapter2 section 2.3.1.
Fig. 3.4 shows the dependence of the population co-polarized with that of the laser, with a
pseudospin corresponding to Skx , and angle of rotation of the polarization as a function of
the azimuthal angle χk . To obtain values, close to the experiment, we had to set τsk = 0.9τ k ,
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F IGURE 3.4: Fig 3.4 shows the the co-linear intensity as a function of the
azimuthal angle χ of the momentum space circle. The orange squares are
measured values where the laser polarization and the analyzer are co-linear.
The blue line shows a 1 + cos2 (2χ) dependence.

which indicates that the dominant mechanism of decoherence is the rotation of the pseudospin due to the pseudomagnetic field of TE-TM splitting of the optical cavity. The values
of the angle of rotation of polarization are close to the experimentally obtained result, while
all three quantities are shown in Chapter2 section 2.3.1. perform four full cycles during the
2π change of χk . The rotation of the plane of polarization φ as seen from Eqn 2.27, shows
that under the current system conditions the maximum rotation available to us is approximately 15 degrees. Similar behavior was also observed for AlGaAs quantum well systems
at cryogenic temperatures using time-resolved dynamics of the exciton-polaritons.
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Conclusion and perspective

In summary, we demonstrate room-temperature strong coupling of bilayer WS2 and enhanced retention of layer-valley coherence of the polaritons. We exploit the pseudomagnetic field arising from the TE-TM splitting in an optical microcavity to manipulate the
polariton layer-valley coherence. The possibility to control the polariton pseudospin by
utilizing the pseudomagnetic field generated by the optical anisotropy in cavities presents
a hitherto unexplored approach for control of layer-valley coherence in 2D materials via
dispersion engineered photonic systems. This presents a promising route to realize active
control of valley coherence such as for qubit applications where on-demand initialization,
rotation, and readout of the valley pseudospin is desirable. Optical cavities and photonic
nanostructures with reconfigurable dispersion will be of even greater advantage in this
context to realize on-demand TE-TM splitting of the desired value.

Experimental Methods
Experimental Setup: Optical characterization was performed using a Princeton Monochromator and PIXIS CCD camera, with excitation from a tunable (500fs,80MHz) pulsed laser
(TOPTICA Photonics), mounted onto an Olympus microscope in reflection geometry. A
50 micron pinhole was placed at the Fourier image plane before the sample to block incident light with large in-plane momenta. The output beam was sent through a variable
polarizer and lens situated at the Fourier plane resolving the PL into momentum space.
In wavelength-ky resolved spectra (for k-dependence of DOP) a slit along the ky direction and diffraction grating were used before imaging the spectra. In contrast, for full
momentum-space images (for observation rotations) the slit and diffraction grating was
removed.
Methods of Analysis: The resulting images were then be processed in MATLAB. In the case
of wavelength resolved images, the intensities of small intervals of k-values at the lower
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polariton emission were summed and averaged. Similarly, for the full k-space images,
small squares centered at selected probing points in k-space were summed and averaged.
In either case, the resulting data points could be fitted to a modified Malus’s law equation
to determine both the DOP and angle of rotation.
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Chapter 4

Thermalization of poalritons in two
dimensional materials
This work has been adapted from an unpublished body of work which documents the
attempts at realizing exciton-polariton condensates in monolayer WS2 systems. Tentative
title of the work is

“Trion assisted polariton thermalization in monolayer 2D WS2 and MoSe2 microcavity exciton polariton”
Mandeep Khatoniar, Yoonji Gong, Biswajit Dutta, Jie Gu, Young Duck Kim, Vinod
Menon
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Motivation

Generation of spontaneous coherence via Bose-Einstein Condensation (BEC) in polariton
systems is much sought after for the exploration of fundamental phenomena associated
with interacting bosons [7]. With their exceptionally low mass, polariton systems are prime
candidates for realizing condensation at elevated temperatures. It is especially interesting
to realize spontaneous coherence in TMDC exciton-polaritons because the polaritons carry
over the valley properties of their parent excitons [41–43] and we show in Chapter 3 that
the microcavity birefringence is very effective in the manipulation of the valley coherence
in these systems. However, for the valley degree of freedom to work as an information
carrier, we need to operate either at a single valley (qubit) level to leverage quantum properties or in the other extreme generate coherence among the non-thermalized polaritons
created during non-resonant pump[62]. A coherent population of valley coherent polaritons imbibed with a powerful control knob in the form of the microcavity pseudo-magnetic
field forms a robust system to explore valleytronics. In this work, we study the thermalization of polaritons which is a prerequisite for the formation of coherent exciton-polariton
condensates.

4.2

Polariton relaxation dynamics

Since polaritons realized in this thesis are quasiparticles with a lifetime of 100–500 fs, polariton condensation, in general, involves injection, relaxation, and decay of the polaritons
and thus is a transient phenomenon described by the kinetics of the condensation [62]. As
elementary excitations of the microcavity system, polaritons are most conveniently created
by a laser pump pulse, after which they relax and under appropriate conditions accumulate, at least partly in the ground state of the LP branch, before they completely decay. To
study a spontaneous phase transition, pumping should be incoherent, so that there are no
phase relations between the pump light and the condensate. This process is governed by
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the interplay between the lifetime of the polariton states and the scattering rates of the free
carriers generated by the non-resonant pump. Some of the mechanisms are as follows
• Polariton phonon interaction : Free carriers interact very strongly with phonons,
thus allowing fast relaxation down to the high-k exciton branch. Phonons can take
energies of 20 to 50 meV in a few tens of fs in TMDC monolayers at room temperature
[63, 64];
• Polariton-polariton interaction : Once the exciton reservoir populates high in-plane
momentum exciton like polariton branches, scattering of polaritons due to polariton
non-linearity discussed in Chapter 2 section 2.3.4 plays a major role in populating
the lowest energy state of the lower polariton.
• Bosonic final state stimulation : One distinct feature of a system of identical bosonic
particles is the final-state stimulation: the presence of N particles in a final state enhances the scattering rate into that final state by a factor of 1+N. Final-state stimulation is the driving mechanism behind photon lasers and amplifier and is expected to
be crucial to the formation of BEC.
However, there are several challenges to realizing condensates in TMDC exciton-polariton
systems. The polariton systems have a cavity lifetime of ≈ 150f s extracted from the cavity
linewidths of 8 meV used in our experiments. This is significantly shorter than the typical
thermalization of polaritons by scattering alone. In addition to that, Due to the strong
coupling between excitons and photons, the energy DOS of the LPs decreases steeply by
four orders of magnitude from a state at large in-plane wave vector k > kbot ≈ 0.1k0 to
states at kk = 0. Here we assume a moderate detuning and k0 is the wavenumber of the
cavity photon at kk = 0. As a result of the reduced DOS, cooling of the LPs by acoustic
phonon emission is slowed down at kbot . At the same time, the lifetime of the LPs at kbot
states is typically two orders of magnitude longer than that of LPs at kk = 0. The two
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effects together cause an accumulation of incoherent exciton population at kbot —the socalled energy relaxation “bottleneck” [8]. The challenge then is to overcome this bottleneck
condition and realize thermalization of polaritons to kk = 0. In this work, we utilize the
changes exciton state or the trion state as a means to our end. At room temperatures, the
scattering efficiency to the trion state is higher than that of the A exciton in monolayer
WS2 . When the trion resonance is made resonant with the kk = 0 of the LP we show that
thermalization of polaritons occurs with much higher efficiency as compared to when the
kk = 0 is non-resonant with the trion resonance.

4.3

Device fabrication and characterization

In fig 3.1a we show the schematic of the polariton device. It consists of a Distributed
Bragg Reflector (DBR) bottom mirror centered at WS2 resonance The DBR is fabricated
using PECVD, the details of which are discussed in Appendix C. The active layer consists of a stack of three WS2 separated by thin hBN layers, the details of which are described in Appendix D. The cavity is topped off with a 60nm Ag layer with a PMMA(PolyMethylacrylate) spacer such that the lower polariton is resonant with the trion wavelength.
Fig 3.1b shows the white light reflection spectra revealing the two polariton branches. Coupled oscillator fits shown in the green and white solid lines show a Rabi splitting of 54 meV.
Fig 3.1c shows the photoluminescence of the polariton systems under different configurations. The top panel shows the photoluminescence (PL) when the kk = 0 is resonant with
the trion state. The bottom panel shows the PL from the same sample at 77K when the
polariton kk = 0 is not resonant with the trion state as the trion state at 77K blueshifts to
1.98 eV.
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F IGURE 4.1: Fig 4.1a shows the schematic of the device. Fig 4.1b shows
the white light reflection spectrum of the polariton sample. Fig3c shows
the photoluminescence at room temperature (top panel) and at 77K (bottom
panel)
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F IGURE 4.2: Fig 4.2 shows the PL of the polariton branch as a function of
input power. Fig 4.2a shows the PL intensity as a function of output power
when pumped at 590 nm which is quasi-resonant with the upper polariton.
Fig 4.2 b-d shows the PL intensity as a function of the pump powers at different excitation wavelengths. For the pump off-resonant with the polariton
branch, the slope of the linear part of the spectrum is 0.8. For all other cases,
it is sub-linear.

4.4

Polariton PL as a function of pump powers

We proceed to check the response of the PL from the polariton system at different pump
powers. We plot the output intensity as a function of the input power in Fig 3.2. The
details are given in the figure caption. We notice that the slope of lines depending on
different excitation wavelengths is different. Markedly at room temperature, the PL rises
sub-linearly with the pump power at kk = 0 as compared to kk = 0 at 77K. There is also
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a marked difference observed on different excitation wavelengths. When pumped nonresonantly the polariton system at 77K shows a slope o around 0.8. But when pumped at
615nm which is resonant with the LP at kk = 0.2, the slope becomes comparable to that of
when the system is pumped non-resonantly at room temperature.

4.5

Polariton thermalization

F IGURE 4.3: Fig 4.3a is a cartoon depicting the scattering of polaritons assisted by the charged exciton or trion state. Fig 4.3b shows the comparison
between the PL intensity at different kk along the polariton branch at room
temperature.

For non-resonant pump, we see a saturation of the PL at higher pump powers. But
before reaching those levels we compare the PL at different vales of kk along the polariton
branch at room temperature. Fig 4.3 b shows the comparison of the PL intensity at different
kk along the polariton branch at room temperature when pumped at 590 nm. We observe
that the PL intensity at low kk = 0 is ≈ 4 times that of kk = 0.3. This is a strong indication
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F IGURE 4.4: Fig 4.4 a and 4.4c shows the Boltzman fits to the polariton population as a function of detuning from kk = 0 at room temperature and 77K
respectively. Fig 4.4c and 4.4d show the extracted effective temperatures obtained for the polariton sample at room temperature and 77K respectively.

of the lack of a bottleneck effect that normally plagues polariton systems that prevent them
from thermalizing. Equipped with this assurance we proceed to calculate the temperature
of the incoherent polariton bath as a function of pump power. We follow the analysis
presented in [65]. The steps are elucidated as follows
• Take linecuts at each kk along the polariton branch.
• Fit the spectrum to a Gaussian curve to obtain the area under the curve.
• Extract the Hopfield coefficients from the coupled oscillator model and obtain the
photon fraction at each kk .
• Normalize the intensity/area under the curve with the photon fraction to obtain the
number of oscillators (nosc [kk ]) at all pump powers.
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• Plot out nosc [kk ] for all the kk with the x-axis as ∆E which is the energy difference
between the polariton at that kk and kk = 0 and y axis as nosc [kk ].
∆E

• Fit the nosc [kk ] to a Maxwell-Boltzman distribution of the form e kb T with temperature
T as the fitting parameter to extract the effective temperature of the system.
The results of this analysis is summarised in Fig 4.4. Fig 4.4a and 4.4c show the Boltzman
fits at a few powers at room temperature and 77K respectively. We see that at room temperatures the fit is relatively better as compared to the one for 77K because when the kk = 0 is
not resonant with the trion state there is a clear bottleneck effect at an ∆E = 5meV which
corresponds to kk ≈ 0.1. From this it is clear that the trion states facilitates in scattering
of the polaritons upon non-resonant excitation. Fig 4.4b and 4.4d shows the fitted temperature at different powers. For the sample at room temperature the polariton population
starts out as an incoherent state which increases in temperature and there is a sudden drop
in the effective temperature to thermalize at around 45 meV which corresponds to 540 K.
This is still higher than the lattice temperature which is probably the reason why we don’t
observe condensation in the sample. When the kk = 0 is not resonant with the trion state
at 77 K we still observe thermalization but the temperature at which it thermalizes is at
408 K. To have a fair comparison we take the ratio of the thermalization temperature to the
lattice temperature. For the experiments at room temperature the polariton to lattice temperature ratio is 0.59 and for the experiments at 77K the ratio is 0.18. If we were to assign
an "efficiency" to the thermalization process we wee that when the kk = 0 is resonant with
the trion, the affinity for thermalizing close to lattice temperature is 3.2 times more efficient
than the when the sample is at 77K where kk = 0 is not resonant with the trion state.

4.6

Conclusion

The microscopic origin of this efficient scattering requires more theoretical and experimental inquiry. At low temperatures, the trion state for an encapsulated sample has a
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long lifetime as shown in [66]. At room temperature, there will be modification due to the
phonon-assisted processes, but it is unlikely that it will approach the polariton lifetimes
in the sample. Hence the temperature of the polariton is not reflective of phonon-assisted
scattering. This indicates that polariton-polariton scattering in TMDC systems is highly
efficient and the resonance with trions enhances this scattering rates [67]. Another possibility is that the temperature reflects some kind of thermalized stat of the trion itself.
At this point, there isn’t enough experimental data to discern between the two possible
contributions. Especially since we observe no discernible shift of the polariton energy to
help us calculate an estimate for the interaction strength. In summary, we demonstrate a
TMDC exciton-polariton system which shows highly efficient scattering to kk = 0 assisted
by resonance with the trion state in the monolayer WS2 .
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Chapter 5

Relaxation of Symmetry
Requirements for Second Harmonic
Generation in self-hybridized
exciton-polaritons in bulk TMDS
Transition Metal Dichalcogenides (TMDCs) also boast strong non-linear properties fortified by excitonic responses in these systems. However, the strong second-order nonlinear responses are mostly restricted to the ML limit owing to crystal symmetry requirements, posing several limitations in terms of smaller interaction length and lower damage threshold. Here we demonstrate a self-hybridized exciton-polariton system in bulk
WSe2 that allows us to relax the crystal symmetry rules that govern second-order nonlinearities. The demonstrated polariton system shows intense Second Harmonic Generation (SHG) when the fundamental wavelength is resonant with the lower polariton, with
an efficiency comparable to the one from a ML WS2 when excited at the same fundamental
wavelength and intensity. We model this phenomenon by considering a system with alternating second-order susceptibilities under an asymmetric electric field profile determined
by the polariton mode.
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This work is adapted from
Relaxing Symmetry Rules for Non-Linear Optical Interactions via Strong Light-Matter
Coupling
Mandeep Khatoniar, Rezlind Bushati, Ahmed Mekawy ,Florian Dirnberger, Andrea Alu,
Vinod Menon
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Motivation

Transition Metal Dichalcogenides (TMDCs) are Van der Waals(vdW) materials that exhibit
a vista of much sought after optical and electronic properties. They have been studied
extensively in the monolayer (ML) limit due to their direct bandgap, large exciton binding energy, valley properties, and oscillator strength [10, 16–18]. Due to these properties,
strong coupling between cavity photons in microcavities and excitons in ML TMDCs can
been demonstrated at room temperature [40]. In addtion in such a strongly coupled system, the polaritons retain the valley excitonic properties of the host material [41–43]. More
recently, there has been interest in polaritons formed in bulk TMDCs due to their high
refractive index, which enables Fabry-Perot modes to be sustained in TMDC slabs which
strongly couples with the exciton modes of the bulk TMDC [68–70]. This coupling results
in a self-hybridized system where the bulk TMDC itself provides both the photonic and
excitonic components required for strong coupling, without the need for an external cavity.
In addition to their exceptional linear optical properties, there have also been numerous
reports on their nonlinear optical response. Second harmonic generation (SHG) can be
observed in TMDCs owing to the lack of inversion symmetry in the ML and odd layer
limit [59, 71–73].More recently, SHG in TMDCs has emerged as a powerful spectroscopic
tool to characterize the layer number as well as the crystal orientation, the latter being an
important parameter for achieving precise twist angle in vdW heterostructures [74–77].
In addition to intense SHG, other second order susceptibility χ(2) mediated processes like
sum frequency generation at continuous wave pump,optical parametric amplification and
signatures of spontaneous parametric down-conversion have also been realized in these
systems [78–80]. These nonlinear optical responses can be further enhanced by engineering light-matter interactions with nanophotonic tools. Since 2D TMDCs show high values
of nonlinear susceptibility, (e.g.,two-photon absorption in MoS2 is 4 orders of magnitude
larger than III-V group semiconductors such as GaAs) they represent an ideal system for
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nonlinear optical applications [81]. Despite this advantage, 2D TMDCs suffer from the
limitation that second-order nonlinear response is limited to the ML/odd few layer limit,
which proves to be a challenge for device integration. Several attempts have been put
forward to increase the interaction time via auxiliary systems where a ML or few-layer
TMDCs couple to plasmonic or photonic modes in passive [82–84] or active [85] nanostructures.
The restoration of inversion symmetry in bulk TMDC crystals with naturally occurring
2H stacking, prohibits second order non-linearity under the electric dipole approximation,
consequently creating a limitation in terms of the available interaction length. Several attempts to amplify weak χ(2) in say centrosymmetric silicon via geometric structuring that
invokes effects beyond the dipole approximation, or amplification of weak surface χ(2) via
integration with large quality factor photonic modes have been demonstrated [86–89]. In
addition to feeble responses, these practices suffer from stringent resonance requirements
that causes a bottleneck in terms of fabrication and integration. In this work, we achieve
strong nonlinear χ(2) response, despite the presence of inversion symmetry, in a planar
self-hybridized exciton- polaritons formed via strong coupling of Fabry-Perot modes sustained by bulk ( 140 nm) WSe2 and the exciton resonances of each layer. The existence of
these modes creates a non-zero phase difference between the SHG signal generated in each
layer, owing to the asymmetry of the electric field of the fundamental laser at the polariton
mode, which when added coherently, does not cancel out in the far field. Recently, SHG
from patterned bulk TMDC has been shown in [85], where flakes of a certain thickness
were pre-selected based on the weak SHG signal in their bulk form. In contrast our approach eliminates stringent thickness requirements and also provides an insight into the
details of the SHG process. We compare the polarization response of this polariton system
and find they exhibit similar behavior as their ML counterparts. A comparison between a
ML TMDC system and these self hybridized polariton systems show that the latter is more
efficient at lower powers than the former. The strong coupling assisted approach presented

Chapter 5. Relaxation of Symmetry Requirements for Second Harmonic Generation in
self-hybridized exciton-polaritons in bulk TMDS

58

here allows to simultaneously use material systems where crystal symmetry dependent selection rules can be relaxed to recover latent non-linearity whilst leveraging the additional
photonic control knobs and the inherent non-linearity of polariton fluids. [7]. Along with
their facile "pick and place" fabrication, this platform offers relatively broadband responses
thus making it an attractive candidate for realization of non-linear photonics applications.

5.2

Fabrication and Characterization

A DBR with center wavelength of 740nm consisting of 10.5 periods of alternating TiO2 and
SiO2 with thicknesses of 88nm and 128m, respectively, was sputtered on a glass substrate,
with SiO2 being the top layer. A 7.5 µm by 7.5 µm square hole was written with electron beam lithography (Elionix ELS G100) on a spin-coated positive electron beam resist
(495PMMA A6) of thickness 440 nm. A bulk WSe2 crystal of 140nm thickness and size of
60x70 µm2 was exfoliated with the scotch tape method and transferred on to the square
hole via the polypropylene carbonate (PPC) transfer technique in order to create the freestanding WSe2 .1 In order to remove residue left by the PPC process, the structure was
then soaked in chloroform for 2 hours at room temperature. The thicknesses of both the
air hole and the WSe2 were measured with atomic force microscopy (Bruker Dimension
FastScan). Figure 5.1a shows the schematic of the structure used in this work, which consists of a bulk WSe2 flake dry transferred on top of a 7.5 µm2 square box that was etched on
a 10.5 period Distributed Bragg Reflector(DBR) consisting of alternating TiO2/SiO2 layers.
The thickness of the bulk TMDC and the depth of the square hole were optimized using
transfer matrix calculations, detailed in Appendix A and coupled mode theory such that
self-hybridized exciton polaritons are only formed within the square structure, and outside the etched box there are no polaritons are supported. This step ensures homogeneity
of the refractive index surrounding region in which polaritons are formed. Moreover a
single flake can host both the regions of polariton formation as well as a reference region
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with no strong coupling. Figure 5.1b shows the white light reflection taken at the location
of the square box indicating the presence of two new eigenmodes, namely the upper and
the lower polariton branches. We fit a coupled oscillator model to obtain a Rabi splitting
of 70 meV and a negative cavity mode detuning of 77.5 meV. White light dispersion data
was collected by using a broadband halogen light source and imaging the back aperture
of a 50x objective with numerical aperture of 0.8 (Olympus MPLFLN) onto a Princeton
Instruments Monochromator with an EMCCD Camera (Pixis 1024B).

5.3

Second Harmonic Generation

Figure 5.2a shows the SHG signal (in blue) when the lower polariton is excited with pulsed
Ti:Sapphire laser tuned at a wavelength resonant to the minima of the lower polariton
branch (at kk = 0). As a comparison the SHG signal from the region where no polaritons
are formed (outside the square) is also shown in Fig. 5.2a (in red). A sharp signal at half
the wavelength of the fundamental is observed in the case of resonant excitation of the polariton branch. The output intensity versus input power dependence in logarithmic scale
shows a slope of 1.83, which is indicative of SHG . We detect no discernible signal from
the region outside the square box, and estimate a lower bound for the enhancement factor
based on the detector noise levels. Inside the box the SHG signal is enhanced at least by
three orders of magnitude. Figure 5.2b compares the SHG intensity as a function of detuning of the fundamental wavelength from the one at kk = 0 . The laser has a linewidth of
approximately 5nm and the polariton linewidth is 20nm. We find that the SHG signal is
reduced by 80% for a laser-cavity detuning of 15 nm.
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5.1b shows the white light spectrum of the polariton system and a coupled
oscillator model fit used to extract the polariton parameters are shown in
pink dashed lines.
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F IGURE 5.3: Fig 5.3a shows the SHG response as a function of input circular
polarization . The helicity of the SHG is flipped as seen in ML systems.
Inset shows the SHG response as a function of input linear polarization for a
fixed analyzer.Fig 5.3b shows the ratio of SHG intensity of a polariton system
and a ML WS2 pumped at the same fundamental wavelength. Error bars
represent fitting errors while extracting area under the curve of the SHG
signals

5.4

Polarization studies

To further characterize the nature of the SHG in the polariton system we resort to polarization dependent studies. We measure the linear polarization response of the SHG by
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rotating the plane of input linear polarization of the fundamental while keeping the bulk
TMDC and an output analyzer stationary. Under this measurement configuration the D3 h
symmetry structure should give a four-fold symmetry [90]. The inset of Figure 5.3a. shows
the fourfold symmetry as a function of the input polarization of the fundamental excitation. This gives distinctive evidence that the SHG originates from a crystal with a D3 h
symmetry group and it can be attributed to the residual phase that the SHG and the fundamental pick up due to multiple reflections within the structure, thereby producing a
non-zero SHG in the far field. After confirming the crystal symmetry, we excite the sample
with a circularly polarized fundamental. As seen in ML TMDCs, the polariton system also
produces a circularly polarized SHG signal. Figure 5.3a shows that the measured SHG
signal when excited with σ + fundamental. The helicity of the SHG signal is flipped from
the one of the fundamental thereby confirming the D3 h symmetry. We define degree of
σ−

σ+

+

circular polarization as ρ = | I σ+ −I σ− |, where I σ is the intensity of right-handed circularly
I

+I

−

polarized light and I σ is the intensity of left-handed circularly polarized light when analyzed through a quarter wave plate and linear polarizer at the output. After normalizing
with the degree of circular polarization of the laser,we obtain a value of ρ = 0.87 for the
case of bulk WSe2 polaritons, which is comparable with the reported value ρ = 0.94 obtained for SHG from a ML WS2 coupled to a passive photonic structure [83].
Next, we compare the efficiency of SHG from polaritons with a ML WS2 that was transferred on 300nm thermal oxide on Silicon. WS2 was chosen as an archetypal ML as it has
one of the largest value of second order permitivity.The power dependent measurements
in Figure 5.3b. show the ratio between the SHG signal from the WSe2 self-hybridized polariton sample and a reference WS2 ML which is pumped at the same wavelength. The
plot can be divided into three distinct regimes of power. At low pump powers (region
I), it can be seen that the efficiency of SHG from the polariton system is higher than the
one from a non center-symmetric ML WS2 sample. At intermediate powers (region II) of
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≈ 1mW there is a drop in the ratio of intensities of SHG generation in the polariton systems and the ML WS2 . This is the region where the Kerr like polariton non-linearity via
phase space filling of the excitons kicks in. At higher pump powers (region III), as a consequence of phase space filling the lower polaritons branch shifts towards higher energies,
thereby making the pump laser detuned from the lower polariton resonance. This results
in overall reduction in efficiency as shown in Figure 5.3b. This effect results in a deviation
from the typical slope of 2 for the SHG signal from the polariton system. Such phase space
filling effects have been extensively studied in various ML TMDC systems with interest in
the generation of polariton blockade.[53–57].

5.5

Origin of the strong SHG response

We now examine the physical processes that give rise to such intense SHG from a centersymmetric material. One could posit that the SHG is generated from an odd layered system with the last layer generating an intense SHG owing to loss of inversion symmetry.
However this would result in a broadband response of the SHG and not be limited to the
polariton resonance, as shown in Fig. 5.2b. Moreover this strong fundamental wavelength
dependence has been noted in several TMDC flakes of various thickness when they are
pumped on and off the polariton resonance. Another possibility is the enhancement of
the residual surface SHG rate due to an enhanced density of photonic states owing to a
cavity mode that is resonant with either the SH or the fundamental wavelength. To investigate this possibility we perform FDTD simulations for a bulk material with a fixed χ(2)
using a broadband fundamental source, where we replicate the configuration used in our
experiment and obtain an enhancement of ≈ 16 times. A similar enhancement has been
reported in systems where a ML TMDC flake is coupled to passive resonant structures [82–
84]. This passive enhancement factor however fails to explain the drastic enhancement of
at least three orders of magnitude when the system is excited at the polariton resonance.
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F IGURE 5.4: Fig 5.4a. shows 2H stacked bilayer W Se2 with equal second order nonlinear polarization p and out of phase hence generating no SHG.Fig
5.4b. shows 2H stacked bilayer W Se2 with unequal and opposite p can generate nonzero SHG. (c) Enhancing the nonlinear polarization in bulk W Se2
by coupling to a photonic cavity where the fundamental field significantly
increase along with unequal second order polarization from individual layers in the bulk TMDC Fig 4d. shows normalized SHG power calculated for
the structures in (c) with bulk TMDC height of 140 nm. The ratios of the
SHG at the SH wavelength 425 nm are,0.9 : 0.5 : 0.003 : 0.0002 for the ML,
polariton system, Bulk on SiO2 , bilayer, respectively

To fully explain the experimental results we use a model with layers of alternating χ(2)
[59]. Any crystal with inversion symmetry should possess zero second order non-linearity
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because the macroscopic polarization, p(2) (E) = −p(2) (−E) leads to vanishing of all even
nonlinear susceptibility under the electric dipole approximation. This is indeed true for
2H stacking of even number of layers in 2D TMDCs in which the inversion symmetry is
restored. This cancellation of SHG for an even number of layers can be envisioned macroscopically as shown in Fig. 5.4a, where two successive MLs have alternative signs of the
induced second order polarization, i.e., χ(2) in the first layer is equivalent to −χ(2) in the
next layer, leading to a cancelling of the SHG for even number of layers in the far field.
However, recent reports have shown that despite the existence of geometrical inversion
symmetry in some systems, e.g., bilayer WSe2, SHG can arise by breaking the inversion
symmetry of the induced charges. If the field is asymmetric across different layers of the
2D TMDC, the nonlinear polarizations add coherently, generating SHG. This is depicted
in Fig. 5.4b where the nonlinear polarizations represented by arrows, are in opposite directions, but not of the same magnitude [60] . Recent work has additionally shown that
artificially stacking 2D layers with a controllable twist angle between the layers can lead
to enhancing or suppressing SHG, described by a superposition relation shown in Fig.5.4b
but with the arrows now pointing along different directions [61]. For the given polariton
system, if we consider a pump wavelength at the fundamental frequency ω impinging
from the top, the electric field distribution is not symmetric. In this case the SHG from different layers does not cancel each other in the far field as shown in Fig. 4c thereby resulting
in the SHG signal that is observed in the experiment. This effect is further enhanced by
the higher photonic density of states at the polariton branches. While this model captures
the qualitative behavior of the SHG, it overestimates the value of the SHG response seen
previously in a related work [59]. We classically model the enhancement in the nonlinear
process by solving coupled linear equations at the fundamental frequency ω, and at the
SHG frequency 2ω. To describe the SHG response of the system we model the WSe2 as a
mutlilayer system with layer thickness of 0.5 nm. The only non-vanishing susceptibility
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terms are,
(2)
(2)
(2)
χ(2)
yyy = −χyxx = χxxy = χxyx

(5.1)

where y is the armchair direction of the crystal lattice. We assume in the simulation that
the incident polarization is aligned with the armchair direction, giving rise only to SHG
polarized in the armchair direction. We model the nonlinear polarization in each layer as,
(2)

pl
(2)

where l is the layer number, and χl

(2)

(ω) 2

= 0 χl,yyy El,y

(5.2)

is positive for odd layers, and negative for even layer
(ω)

counted from a fixed reference, and El,y is the field distribution in layer l at the fundamental frequency. We then use this polarization current as the source for the SH signal.
We use this model to describe the SHG from a ML and the polariton system. Interestingly,
using this simple model we can observe an enhancement of around four orders of magnitude between SHG from ML, and the SHG from bilayer, which perfectly matches our
experimental results. The polariton system shows enhanced SHG at lower polariton resonance with SHG efficiency close to that of a ML. We attribute this large SHG in the cavity
coupled system near resonance due to the combination of the field enhancement and its
spatial profile, which leads to an asymmetric distribution of nonlinear polarization. At the
same time in bulk WSe2 outside the lower polariton resonance we found an almost negligible SHG owing to near perfect cancellation of the SH field of individual layers in the far
field as shown in Fig 5.4d.
The model used here does not invoke non-local effects and remain well within the dipole
approximation. The analysis shows that in layered systems like TMDCs, SHG should be
treated as a collective effect of its constituent non-centrosymmetric ML.
Finally we comment on the advantages of having a dielectric spacer layer. In the structure
described in the text above, the use of air as a spacer layer allowed us to access narrower
polariton modes in addition to the advantages mentioned earlier. However similar SHG
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responses can also be found in structures with PMMA spacers and a metal mirror. The resonances obtained in those systems are broader and have a lower enhancement due to their
lower quality factor. We could do away with the bottom mirror and form self-hybridized
polaritons in bulk TMDCs on glass or silicon substrates as reported in several works [68,
85]. However in these systems we are limited to bulks of thickness ranging only about from
about 60 nm to 100 nm. This is shown via various transfer matrix calculation for different
device geometries in. We also note that similar analysis can be done to explain the weak
bulk SHG observed by [85] in bulk TMDCs in a narrow range of thickness. Strong SHG
seen in self hybridized polariton systems with Polymethyl methacrylate (PMMA) spacer.

5.6

Off resonant excitation

Figure 551a and 5.5b shows the experimental and the transfer matrix simulation of white
light dispersion of the 140nm bulk WSe2 respectively outside the etched region. The reflection dips in Figure 5.5a correspond to the A exciton of bulk WSe2 . The red dot indicates
the energy at which the two systems were excited to yield the results shown in Figure 5.2a.
Figure 5.5c shows the squared electric field along the growth direction (z) of the structure
at the etched region. The field inside the WSe2 is asymmetric in z.

5.7

Comparison of power dependent intensity of self hybridized
polaritons and ML WS2

A comparison between SHG intensities of ML WS2 and self-hybridized polaritons are
shown in Figure 5.6a and 5.6b as a function of input power of the fundamental. At powers
larger than 1mW the SHG of the polariton system starts to saturate due to the blue shift
of the lower polariton branch as a result of phase space filling. This results in an apparent
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F IGURE 5.5: Fig 5.5a and 5.5b shows the experimental and transfer matrix
simulation of the reflection spectrum of the bulk WSe2 outside the etched
box respectively . Fig 5.5c shows the simulated electric field in the polariton
region

reduction of SHG efficiency as a function of power along with a deviation from the typical
slope of 2 as seen for the SHG from ML WS2 .
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F IGURE 5.6: Fig 5.6(a,b)) SHG intensities of self-hybridized polaritons (in
blue) and ML WS2 in orange as a function of pump power while pumped at
the same fundamental wavelength.

5.8

SHG from self-hybridized polaritons in bulk MoSe2 on DBR

We show that SHG can be generated when excited at the lower polariton resonances formed
in self-hybridized polaritons as shown in configurations similar to Figure 5.5a where spin
coated PMMA spacer was used to form the polariton modes. Figure 5.7a shows the white
light reflection spectrum of a bulk MoSe2 flake on 250nm PMMA spun on a DBR centered
at 750nm. The red circle indicates the energy where the polariton was excited foe SHG as
shown in Figure S7b.

5.9

Coupled wave theory

In this work, the nonlinear response of bulk WSe2 is underpinned by coupling it to a photonic cavity in form of a Fabry-Perot resonator with its two reflective surfaces are a bulk
WSe2 , and the DBR as shown in Fig. 1a. The system represents two eigenmodes, represented by their respective frequencies ωa and ωb . Here, ωa represents the exciton resonance
of the WSe2 , and ωb represents the resonance frequency of the photonic cavity which can
be actively tuned with changing its height h. For an external excitation, the photonic cavity
mode is indirectly excited, and the bulk WSe2 mode is excited directly from an impinging

Chapter 5. Relaxation of Symmetry Requirements for Second Harmonic Generation in
self-hybridized exciton-polaritons in bulk TMDS

70

F IGURE 5.7: Fig 5.7a shows WL reflection spectrum of bulk MoSe2 on a DBR
with PMMA as spacer layer. Fig 5.7b shows the SHG from the bulk MoSe2
when the fundamental is resonant at the energy indicated by the red circle .

wave as shown in Fig. 1a. These dynamics can be captured by employing the coupled
mode theory (CMT) to describe the coupled oscillators system. The two oscillators are the
material resonance ωa and the photonic cavity mode ωb . The material resonance mode is
coupled to the radiation incident from above with radiation rate γr , while the cavity mode
is coupled indirectly to the incident radiation. The two modes are coupled with coupling
rate κ thus forming the half matter half-light particles when κ > γr . The CMT governing
equations are:
p
da
= (iωa − γa − γr ) a + iκb + 2γr s+
dt
p
s− = −s+ + 2γr a
db
= (iωb − γb ) b + iκa
dt

(5.3)
(5.4)
(5.5)

where γa and γb are the absorption rates of the 2D TMDC, and the photonic cavity respectively while γr is the radiative coupling rate. For oblique incidence, the material resonance
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ωa does not change, the cavity resonance changes as
2
2
ωb2 = ωb0
+ c2 k⊥
→ ωb ≈ ωb0 + 0.5 sin2 θ

(5.6)

with c is the light speed, and k⊥ is the normal wavenumber inside the cavity. We can solve
the differential equations under slowly varying approximation and give the reflection as,
− (i∆ωa + γa + γr ) (i∆ωb + γb ) − κ2 + 2γr (i∆ωb + γb )
R=
(i∆ωa + γa + γr ) (i∆ωb + γb ) + κ2

2

(5.7)

Here, ωb0 = 2.23 × 1015 rad/s, ωa = 2.55 × 1015 rad/s, γa = 0.015ωb , γb = 0.0011ωa , γr =
0.05ωa , κ = 0.004ωb , calculated to match the experimental results.

5.10

Measurement methods

For the SHG measurements, a Titanium-Sapphire laser (Coherent Mira) was used to pump
at the fundamental wavelength of 832 nm, while the SHG signal was detected through the
Princeton Instruments Monochromator. A 500 nm short pass filter was used in the collection side to filter out the excitation beam. Linear polarization measurements were recorded
by using a linear polarizer (LP) in the excitation path and a collinear LP in the collection
path. For helicity resolved SHG measurements, the excitation circular polarization was
determined by using an LP followed by a quarter-wave plate (QWP) to determine the left
and right circularly polarized states of the excitation beam. In the collection path, an analyzer of a QWP followed by an LP was used to resolve the chiral response of the system.

5.11

Conclusion

In summary, here we have demonstrated a platform to relax crystal symmetry requirements for second-order non-linear response in bulk TMDC crystals via the formation of
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exciton-polaritons. The fact that we achieve strong nonlinear responses in bulk TMDCs
reduces challenges with fabrication and integration into passive photonic platforms. Although we focus solely on the SHG process in the current work other χ(2) processes like
sum/difference frequency generation and optical parametric amplification can be explored
in these systems. In addition, these polariton systems inherently possess a χ(3) response
that can lead to saturation of absorption, tunable index of refraction, and single-photon
non-linearity via polariton blockade, thereby forming a versatile platform for a plethora
of applications in the field of non-linear photonics and quantum optics. Furthermore,
the power dependent saturation of the SHG can be used to estimate polariton-polariton
interaction strengths in systems where traditional techniques of measuring contrasts in
resonant laser reflection as a function of power are not feasible.
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Chapter 6

Large polariton non-linearities in
interlayer exciton-polaritons in
bilayer MoS2
We demonstrate strong coupling of interlayer excitons hosted by homobilayer MoS2 with
the photonic modes supported by a microcavity. This is possible because the interlayer
exciton in bilayer MoS2 is an admixture of the charge transfer exciton and intralayer B
exciton. Due to the mixing with B exciton, the interlayer exciton has a sizable oscillator
strength which is enough to strongly couple it with the cavity photon. We observe a 10 fold
increase in non-linearity for the interlayer exciton compared to the A exciton-polariton in
low-density limit. This work is adpted from
Relaxing Symmetry Rules for Non-Linear Optical Interactions via Strong Light-Matter
Coupling
Biswajit Datta, Mandeep Khatoniar, Prathamesh Deshmukh, Rezlind Bushati, Simone
DeLiberato, Stephane Kena Cohen, Vinod Menon
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Motivation

Photons are becoming ubiquitous in emerging quantum technologies like quantum communication and metrology owing to their non-interacting nature [91, 92]. To further extend
the span of their utilities, platforms to achieve and implement strongly interacting photons
in solid-state systems are much-sought after [1]. Conventional materials do not exhibit
nonlinear response at power levels associated with single photons. In this context, remarkable advances have been made in cold atom systems to realize interacting photons at the
single-particle level [93–95]. A strong contender for the generation of strongly interacting
photons in solid-state are exciton-polaritons formed via non-perturbative coupling of cavity photons with excitonic resonances. Although they can be modeled as non-interacting
quantum fluids at low densities, beyond a critical density, the short-range exchange interactions become significant and give rise to various phenomena like the creation of spontaneous coherence, parametric down-conversion, and superfluidity [7]. Strong spatial confinement along with Coulomb interactions give rise to even stronger correlations between
polaritons that can no longer be described using a mean-field theory. Such interactions
give rise to non-Poissonian statistics of laser transmission, dubbed as polariton blockade.
Preliminary evidence of such non-classical correlation was recently observed in confined
polariton systems in GaAs [96, 97] . The small ratio of interaction to dissipation resulted in
only a weak violation of classical correlations. Formation of polaritons with excitons that
possess a permanent dipole moment has been shown to enhance the polariton interactions
both in resonant [32, 98] and non-resonant excitation schemes [31].
Polariton interactions in TMDCs under different configurations are being studied extensively. Realization of Fermi polarons [99], trion polaritons [67, 100], and excited-state
exciton-polaritons [57] have shown great potential in their abilities to harness strong polariton interactions. Moire exciton-polaritons were recently demonstrated using heterobilayer of MoSe2 /WSe2 where the electronic confinement potential arising from the twisted
heterostructure was shown to enhance the nonlinearity. However, all the platforms above

Chapter 6. Large polariton non-linearities in
interlayer exciton-polaritons in bilayer MoS2

75

rely on short-range exchange interactions that pose a bottleneck in realizing few polariton
non-linearity under current experimental capabilities.
In this context, a very attractive possibility is the use of spatially indirect interlayer
excitons (IE) in TMDC heterostructures, which can have a permanent dipole moment
and hence support highly interacting dipolar polaritons. Their inherently low oscillator
strength creates an impediment in reaching the strong coupling regime. Furthermore, the
large in-built interfacial electric fields make electrical tuning of the energies of the IE far
more difficult. Bilayer MoS2 provides a highly attractive platform to achieve this goal [33–
36]. The IE exciton in naturally stacked 2H bilayer MoS2 remarkably has both a static out
of plane (static) dipole moment and an in-plane (oscillating) dipole moment. Due to the
in-plane dipole moment, the IE exciton in MoS2 bilayer has an oscillator strength of approximately 36% of that of the intralayer A exciton along with strong absorption that is
visible up to room temperatures. Moreover, a strong response to DC electric fields has
been demonstrated in these systems, thus confirming their dipolar nature [33, 34, 36].
In this work, we achieve a strong coupling of microcavity photons with the IE excitons
(along with intralayer A and B excitons) in bilayer MoS2 . The IE polariton shows 12 fold
enhancement of polariton nonlinearity compared to the intralayer A exciton, making it an
appealing platform to realize strongly interacting polaritons in condensed matter systems.
In addition, the ease of fabrication and realization of multi-polariton species in this system
makes it a practical and fundamentally interesting material for studying polariton physics.

6.2

Schematic and characterization

Fig. 6.1a shows schematic of the bands that form inter-layer (IE) exciton in bilayer MoS2 .
IE1 and IE2 excitons in which electrons are in layer 1 and layer 2 respectively remain degenerate at zero external bias. The hole is always delocalized among both layers. The
two-sided arrows connect the bands that form the IE exciton. This peculiar charge distribution is at the heart of producing both in-plane and out-of-plane dipole moments of
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F IGURE 6.1: Excitons in MoS2 bilayer and white light absorption. (a)
Schematic of the band structure (around the K point) of the bilayer MoS2
showing (by the two-sided arrows) the participation of the different bands
in the IE formation. The blue and red colors represent the up and down
spin, respectively. L1 and L2 refer to the layer 1 and layer 2 of the bilayer
MoS2 respectively. (b) Schematic showing the two possible charge configurations in the absence of any bias voltage difference between the two layers.
In both cases, electron is localized in one of the layers and the hole is distributed among both the layers. These two configurations have an opposite
static dipole moment. (c) White-light absorption at 77 K showing three dips
corresponding to A, IE, and B exciton, respectively.
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IE exciton. Fig. 6.1b shows the charge distribution in real space for IE1 and IE2 excitons.
Owing to the spatial separation of the electron and the hole, it acquires a permanent dipole
moment, the nature of which has been a topic of much interest recently [33–36]. IE in MoS2
homobilayer can be thought of as an admixture of B intralayer exciton with an optically
dark but electric field tunable charge-transfer exciton, which is typically found in TMDC
heterobilayers [101]. As a result, IE in MoS2 homobilayer acquires both a strong oscillator strength and electric field tunability [101]. Fig. 6.1c shows the white light differential
reflection of the bilayer sample at 77 K. The peaks at 1.933 eV, 1.995 eV, and 2.10 eV correspond to the A, IE, and B excitons, respectively. The absorption of IE exciton is found to
be 36% of the A exciton’s absorption. Interestingly, the absorption of the IE is discernible
even at room temperature (see SI), which provides a straightforward method to identify
the MoS2 bilayer flakes after mechanical exfoliation.
Fig. 6.2a shows the schematic of the structure used in this experiment. It consists of
a bilayer MoS2 encapsulated by thin (20 nm) hexagonal boron nitride (hBN), which is
sandwiched between a bottom dielectric distributed Bragg reflector (DBR) mirror and a
top Silver mirror. The cavity is designed such that the bilayer MoS2 flake sits close to an
electric field anti-node, allowing us to observe five dispersive modes associated with the
different polaritonic states as shown in Fig. 6.2b. These distinct polariton modes arise due
to the hybridization of the cavity photon mode with the various excitonic states present
in the bilayer system. We name the polariton branches as pol-1 through pol-5, with pol1 corresponding to the lowest energy and pol-5 the highest. Interestingly, besides the 1s
states of A, and B excitons, the IE and 2s Rydberg state of A exciton (which lies slightly
below the B (1s) exciton) also show strong coupling at 7 K temperature. We fit the data
with a five-coupled oscillator model where the energy of all the four excitons, the cavity
mode, their Rabi splitting, and the effective refractive index of the system are treated as fit
parameters. The five polariton branches in our experiment can be described with the eigen
modes of the following five coupled oscillator model.
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F IGURE 6.2: Device schematic and differential reflection of the polariton.
(a) Schematic of the device. The bilayer MoS2 is sandwiched between two
hexagonal boron nitride flakes of almost similar thickness ∼20 nm. The entire stack is transferred by the PPC method onto a SiO2 terminated SiO2 -TiO2
DBR. As the cavity spacer, a layer of 240 nm thick PMMA was spin-coated on
the stack. Finally, 40 nm of Ag was e-beam deposited to form a 3λ/2 cavity,
where λ is the wavelength of the cavity resonance. (b) White light differential reflection showing all branches of the polaritons at 7 K. 1s and 2s states of
A exciton, IE exciton, and B exciton all get strongly coupled to the same cavity mode. The purple dashed lines are the polariton eigenvalues of the fitted
four coupled oscillator model. The cyan dashed lines denote the location of
the excitons resulting from the fitting: EA1s = 1.9323 eV, EIE = 2.0014 eV,
EA2s = 2.0819 eV, EB1s = 2.0994 eV. (c) Line cuts at different kk of the color
plot shown in panel-b. It clearly shows that each exciton, near its Rabi kk , results in two polariton modes – one below the exciton energy and one above
the exciton energy.
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The subscripts cav, A, IE, A2s,

and B refer to the cavity mode, A exciton, IE, 2s state of A exciton, and B exciton respectively. ΩX and EX refer to the Rabi splitting and energy of the X exciton respectively.
The fitting yields λc = 636.38 nm, nc = 1.47, EA1s = 1.9323 eV, EIE = 2.0014 eV,
EA2s = 2.0819 eV, EB1s = 2.0994 eV and the Rabi splittings ΩA1s = 40.4 meV, ΩIE =
21.4 meV, ΩA2s = 26 meV, ΩB1s = 51 meV. The exciton energies obtained through the fit
agree well with the experimentally determined exciton energies with slight shifts due to
the strain and changes in the dielectric environment in the cavity. In our device, the bare
cavity mode is δC˘AX = 20 meV positively detuned with respect to the A (1s) exciton. We
notice that the Rabi splitting of the IE polariton remains observable even at 77 K but not
at room temperature due to decreased oscillator strength at a higher temperature. On the
other hand, 1s state of A and B excitons remain strongly coupled even at room temperature
due to their larger oscillator strength.

6.3

Calculation of polariton density

Polariton density is calculated from the Gross-Pitaevskii (GP) equation. The GP equation
at wavevector k can be written as


∂ψLP (k, t)
ih̄γLP
ih̄
= LP (k) −
ψLP (k, t) + h̄FP (k, t)
∂t
2

(6.1)

Here LP (k) = h̄ωLP (k) is the energy of the lower polariton of an exciton and γLP
is the line width of the polariton. FP (k, t) is the coherent driving. The pulse width of
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our supercontinuum laser is 20 ps which is much larger than the polariton lifetime (3050 fs). This allows the pumping to be treated as continuous wave which is resonant with
our cavity. We can express the pumping term as FP (k, t) = FP (k)e−iωP t and ψLP (k, t) =
ψ̃LP (k)e−iωP t where ωP is the pump frequency. This simplifies the above equation to



ih̄γLP
h̄ωP − LP (k) +
ψ̃LP (k) = h̄FP (k)
2

(6.2)

The FP (k) term can be written from the input-output relation.
s
FP (k) = C(k)

η · Pint (k)
h̄ωP

ttop mirror
η=
τtrip

(6.3)

2

(6.4)

Here C(k) is the photon Hopfield coefficient of the polariton branch. Pint (k) is the incident power on the top mirror and η is the coupling coefficient. ttop mirror is the transmission
of top mirror, and τtrip is the photon trip time in the cavity. This gives η = 4.1 × 1012 s−1 .
Equation 6.2 can be written as

ψ̃LP (k, ωP ) =

h̄FP (k)
h̄ωP − LP (k) +

(6.5)

ih̄γLP
2

Polariton density at the wavevector k and frequency ωP is

2

|ψLP (k, ωP , t)| = ψ̃LP (k, ωP )

int (k)
|C|2 η·Ph̄ω
P

2

=

(ωP − ωLP (k))2 +

γLP 2
2

(6.6)

Since the polaritons have a finite width in energy, the total polariton density at the
wavevector k can be found out by integrating over the all frequency range
Z

2

ψ̃LP (k)

=

P)
|C|2 η·ξ(k,ω
h̄ωP

(ωP − ωLP (k))2 +

dωP
γLP 2
2

Here, ξ(k, ωP ) denotes the incident power density (power/frequency/wavevector).

(6.7)
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The integral above can be numerically calculated but we can make an approximation to
get a close form solution for the density. We note that the Lorentzian part of the integrand
for γLP → 0 is a Dirac delta function
γ

LP
1
2
γ
γLP →0 π (ωP − ωLP )2 + ( LP )2
2

δ(ωP − ωLP ) = lim

(6.8)

Using the above formula and taking the power density ξ(k, ωP ) constant over the narrow range of excitation we get
2

ψ̃LP (k)

≈

2π|C|2 η · ξ
h̄ωLP (k)γLP (k)

(6.9)

Here, γLP (k) is determined from the experimental data.
2

Total real space polariton density can be found out by summing ψ̃LP (k)

in the k-

space for the experimental wavevector range
2

ψ̃LP

=

kX
max
k=kmin

2

ψ̃LP (k)

=

kmax
1
2π|C|2 η · ξ X
h̄
ωLP (k)γLP (k)

(6.10)

k=kmin

If P0 is the measured real space peak power density (power/energy) of the pulsed
supercontinuum laser excitation then ξ = P0 /N , where N is the number of k point in
between kmin and kmax .

6.4

Energy shift of the polariton

Fig. 6.3a shows the energy of the upper and lower branch of the IE polariton as a function of
polariton density at the inplane wavevector corresponding to the Rabi splitting (Rabi k|| ).
We fit Lorentzians at each density to obtain the energy of the upper and lower polaritons.
We can see from Fig.3 that the lower branch of the IE exciton-polariton moves more than
the upper branch at the Rabi k|| . We also observe a simultaneous increase of Rabi k|| and
the decrease of Rabi splitting with increasing density. This suggests the presence of both
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F IGURE 6.3: Comparison of the nonlinearity of the IE exciton polariton
with A exciton polariton. (a) Energy of the lower and upper branch of the IE
polariton as a function of density at Rabi kk . We notice that the movement of
the lower branch is more than the upper branch – this is due to the combined
effect of exciton-exciton interaction and saturation, which is discussed later.
(b) Strength of the nonlinearity (gLP ) at Rabi kk as a function of the density.
gLP is defined as the local slope of the polariton energy vs. density graph
IE
shown in panel (a). gA
LP and gLP are calculated from the pol-1 (lower branch
of A polariton) and pol-2 (lower branch of IE polariton) branch, respectively.
Note that the gLP of IE exciton polariton (∼ 100 µev um2 ) is almost 10 times
larger than the gLP of A exciton polariton (∼10 µev um2 ).
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exciton energy renormalization and saturation effect. Taking the derivative of the ELP
with density, we calculate the strength of the nonlinearity, gLP . Since the rate of blue shift
saturates at high density (see the olive color curve in Fig. 6.3a), gIE
LP reduces with polariton
density as seen in Fig. 6.3b. On the other hand, within the accessible range of the polariton
density in our experiment, gA
LP remains almost a constant. The obtained strength of the
non-linearity at low density limit for IE and A polaritons are gIE LP ∼ 100 µevµm2 and
gA LP ∼ 10 µevµm2 respectively. For IE exciton-polariton, we found a significant ∼10 fold
increase in the nonlinearity compared to the A exciton-polariton. This gA LP value for pol-1
matches the one previously reported in [57] for A exciton in monolayer WSe2 .

6.5

Distribution of contribution from phase space filling and exchange interactions

We now proceed to discern the contributions from nonlinearities arising from renormalization of the exciton energy (∆Eexc−exc ) and reduction of the oscillator strength of the exciton
due to phase space filling (∆Esat ) to the energy shift of pol-2 and pol-3. Fig. 6.4a shows
the Hopfield coefficients of all the excitons and the cavity as a function of kk which is later
IE as a function of |C|. We measure the energy shift ∆E IE (of pol-2) as a
used to plot ∆ELP
LP

function of the cavity fraction, see Fig. 6.4b. The interaction strength due to phase space
filling in a single excitonic system can be written in terms of gLP = 4gSAT |C||X|3 , where C
and X are the Hopfield coefficient for the cavity and exciton, respectively. Although this is
a multi exciton system, the contribution of the other excitons close to the kkRabi of the IE exciton is small. Neglecting other excitons we can write ∆LP = 4gSAT |C|(1 − |C|2 )3/2 which
is a non-monotonic function of the cavity Hopfield coefficient as shown in the Fig. 6.4a
inset (red curve). Similarly, the energy scale for exciton-exciton interaction manifests as
gLP = gXX |X|4 = gXX (1 − |C|2 )2 which monotonically decreases with increasing |C| (cyan
curve). We find that the measured nonlinear response of the IE exciton-polariton (at the
Rabi splitting of pol-2 and pol-3) is the highest at an in-plane wave vector larger than kkRabi ,
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F IGURE 6.4: Non-linear power dependence of the pol-2 (lower branch of
IE exciton-polariton) as a function of kk . (a) The Hopfield coefficients of
the cavity and all the four excitons as a function of kk for pol-2. (b) Strength
of nonlinearity as a function of cavity Hopfield coefficient. Angle is converted to cavity Hopfield coefficient using the previous plot. We note that
IE
) is highest close to the Rabi kk , but
the blueshift of the IE lower branch (∆ELP
the shape of the curve looks like a tilted parabola. This can be explained by
taking both exciton-exciton interaction and saturation effect into account. Inset shows exciton-exciton interaction monotonically decreases with increasing |C| (cyan curve); on the other hand, the saturation effect initially rises
with increasing |C| but then it decreases (red curve). It can be easily seen
that superimposing these two graphs can explain the tilted parabola shape
IE
of ∆ELP
in our data. (c) A schematic of the IE polariton at two different
excitation powers showing the combined effect of exciton-exciton interaction and saturation effect. In our system, even though the saturation effect
outweighs exciton-exciton interaction, the Rabi kk increases with increasing
power since the exciton blueshifts. We note that ∆Eexc−exc and ∆Esat have
the opposite sign for the upper IE polariton branch but have the same sign
for the lower IE polariton branch. This leads to a smaller shift of the upper
IE polariton branch compared to the lower IE polariton branch at the Rabi
kk . (d) Calculated ∆Eexc−exc and ∆Esat at the Rabi kk from the experimental
data as a function polariton density. This confirms ∆Esat > ∆Eexc−exc in our
system.
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IE changes non-monotonically with the cavity
as seen in Fig. 6.4a. We also notice that ∆ELP
IE with the nonHopfield coefficient. The qualitative resemblance of the measured ∆ELP

monotonic saturation effect suggests that it is the dominant mechanism dictating the nonIE peak for |k | > |k Rabi | and
linearity in our system. However, the appearance of the ∆ELP
k
k

increase of kkRabi at higher density points to a sizable contribution of the ∆Eexc−exc . Fig. 6.4c
shows a schematic of the polariton energies at two different powers for ∆Esat > ∆Eexc−exc .
Due to both the blue shift of the exciton and saturation effect, the lower branch moves
with increasing power more than the upper branch. Analyzing the blueshift of the IE
lower polariton branch and redshift of the IE upper polariton branch we calculate the
relative magnitude of ∆Eexc−exc and ∆Esat in our system. At the kkRabi we write the enIE = ∆E
IE
ergy shift of pol-2 as ∆ELP
exc−exc + ∆Esat and the energy shift of pol-3 as ∆EUP

= ∆Eexc−exc − ∆Esat . Solving for ∆Eexc−exc and ∆Esat we plot them as a function of polariton density, see Fig. 6.4d. This shows magnitude of ∆Esat in our system is larger than
∆Eexc−exc by roughly a factor of 2.

6.6

Insight into the origin of the polariton non-linearity

To examine the nonlinearity of the bare excitons even before they form polariton in a cavity,
we studied power dependence on the same bilayer MoS2 sample before depositing the top
mirror. We observe that the amplitude of the differential reflection dip for both A and interlayer exciton reduces with increasing power; the FWHM of the lineshape also increases
for both A and interlayer exciton with increasing power, see Fig. 6.4a and Fig. 6.4b. We
analyze the area under the differential reflection curve as a function of excitation power.
The area under the curve can be mapped to the oscillator strength assuming that the area
under the differential reflection curve is proportional to the oscillator strength, see Fig. 6.4c
and Fig. 6.4d. Here, fX and fX0 denote the oscillator strength of the exciton X at a given
power value and at the starting power value respectively. We can see that the interlayer
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F IGURE 6.5: Saturation of the excitons with excitation power measured
in open cavity (before spinning the PMMA and evaporation of the silver
mirror) at 77 K. (a) and (b) show the differential reflection of the IE and A
excitons as a function of incident power. A linear baseline is subtracted from
the data. The excitation bandwidth for IE and A exciton are kept 36 meV
and 71 meV respectively around their exciton energies. (c) and (d) show
the decrease of the oscillator strength with increasing power for IE and A
exciton respectively. fX and fX0 denote the oscillator strength of X exciton
at a given power and at the lowest power respectively. Oscillator strength
of the excitons are assumed proportional to the area under the differential
reflection curve.
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exciton absorption starts saturating at much lower power values than the A exciton. Comparing the power axis of Fig. 6.4c and Fig. 6.4d, we notice that the interlayer exciton reaches
the same level of saturation at almost an order of magnitude lower power value than A
exciton. The enhancement of the saturation of the interlayer exciton in open cavity measurements is similar to the 10 fold enhancement of the nonlinearity for interlayer polariton.
The solid lines in Fig. 6.4c and Fig. 6.4d are the power-law fits of the data. Empirically, we
can fit the decay of the oscillator strength with excitation power (P) for the IE and A exciton with power-law P −0.43 and P −0.25 respectively. This shows that not only does the
interlayer exciton saturates at lower power but the decay of the oscillator strength for IE is
faster as well compared to that of the A exciton.

6.7

Conclusion

The polaritons interact with each other due to their excitonic part in the wavefunction. In
general, the Coulomb interaction of excitons has both direct and exchange contributions.
For a regular intralayer exciton (such as A exciton in our system), the direct Coulomb energy goes to zero for small wavevector [37]. Hence for intralayer excitons in TMDC, the
exchange term dominates. On the contrary, due to the separation of electrons and holes
in two different layers for interlayer excitons in heterobilayer TMDC, the exchange term
is negligible. At the same time, the direct term is non-zero even at small wavevectors for
interlayer excitons [37]. As a result, the direct Coulomb term is the dominating energy
correction for interlayer excitons as shown in calculations [37]. The direct interaction for
small momenta scales with the fourth power of excitonic Bohr radius [37]. Due to the
higher Bohr radius of the interlayer excitons (compared to the intralayer excitons) higher
interaction energy is expected in heterobilayer TMDCs. This is a plausible reason for our
observed 10 fold enhancement in the nonlinearity for the interlayer exciton compared to
the A exciton. Another possibility for the origin of this large non-linearity could be the
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delocalized hole wavefunction of the IE exciton that affects the tunneling of the interlayer
carrier in favor of exchange-like interactions. On the other hand, the saturation density
is inversely proportional to the second power of the Bohr radius [glazov2009polariton].
This explains the significant reduction of the saturation density for IE polariton compared
to A exciton-polariton owing to the expected larger Bohr radius of IE. However, there is no
report of the quantitative enhancement of the Bohr radius for IE in bilayer MoS2 . Due to
these factors, it is hard to pin down the exact mechanism for our observed enhancement
in the nonlinearity for the interlayer exciton and calls for more theoretical and experimental investigations. But, to corroborate our findings we perform similar power-dependent
reflectivity on a bilayer MoS2 system without the top mirror. The IE saturates an order of
magnitude faster than the A excitons, indicating a presence of strong saturation mechanisms.
In summary, we demonstrate extremely large optical nonlinearity arising from IE polaritons in homobilayer MoS2. The reported nonlinearity is an order of magnitude larger than
that reported for the A excitons in TMDCs bringing the IE polaritons closer to the polariton
blockade regime. The bilayer MoS2 system presents itself as a highly attractive platform
to realize IE polaritons and exploit their nonlinear responses with the potential to reach elevated operational temperatures. Further studies including field-dependent tuning of the
IE polaritons are required to shed light on the various channels of interactions possible in
this system along with the possibility of realization of true dipolar polaritons in TMDCs.
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Appendix A

Transfer Matrix
The transfer-matrix method is a method used in optics and acoustics to analyze the propagation of electromagnetic or acoustic waves through a stratified medium. This is for example relevant for the design of anti-reflective coatings and dielectric mirrors.
The reflection of light from a single interface between two media is described by the
Fresnel equations[4]. However, when there are multiple interfaces, such as a DBR, the reflections themselves are also partially transmitted and then partially reflected. Depending
on the exact path length, these reflections can interfere destructively or constructively. The
overall reflection of a layer structure is the sum of an infinite number of reflections.
The transfer-matrix method is based on the fact that, according to Maxwell’s equations,
there are simple continuity conditions for the electric field across boundaries from one
medium to the next. If the field is known at the beginning of a layer, the field at the end
of the layer can be derived from a simple matrix operation. A stack of layers can then
be represented as a system matrix, which is the product of the individual layer matrices.
The final step of the method involves converting the system matrix back into reflection
and transmission coefficients. In general it can be explained as follows. We have an input
vector of dimension N (LHS of eqn A1) which is transformed from another initial vector
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of dimension M by a NxM matrix and is called the transfer matrix










 a1   M1,1 M1,2 . . . M1,M   b1 
  
 
 a2   M2,1 M2,2 . . . M2,M   b2 
  
 
 . = .
 . 
 ..   ..
  .. 
  
 
  
 
aN
MN,1 MN,2 . . . MN,M
bM

(A.1)

For electric fields propagating along z we decompose the fields into left moving and right

F IGURE A.1: Cartoon showing a stratified medium with different index ni

moving fields
E(z) = Er eikr + El e−ikr
from Maxwell’s equations H =

1 ∂E
ikZc ∂z

(A.2)

where Zc is the impedance of a medium with

dielectric constant  and permeability µ we get

H(z) =

1
[]Er eikr − El e−ikr ]
Zc

(A.3)
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Now propagation trough distance L of index n2 is given my multiplying the left and right
propagating beam by a propagation matrix










1  1 ri  Er (z)
Er (z + L)

= 


ti r 1
El (z)
El (z + L)
i

(A.4)




Er (z)
Er (z)

=M

El (z)
El (z)

(A.5)



where r and t from medium of refractive index n1 going to a index of n2 can be obtained
from Fresnel equations [4]. They ares and p polarization dependent and are given as

rs =

n1 cosθi − n2 cosθt
n1 cosθi + n2 cosθt

(A.6)

rp =

n2 cosθi − n1 cosθt
n2 cosθi + n1 cosθt

(A.7)

ts =

2n1 cosθi
n1 cosθi + n2 cosθt

(A.8)

tp =

2n1 cosθi
n2 cosθi + n1 cosθt

(A.9)

The wave also picks up a phase inside each layer. This is given by

 

ikL
0  Er (z)
Er (z + L) e



=
0
e−ikL
El (z)
El (z + L)


(A.10)




Er (z)
Er (z)

=P

El (z)
El (z)


(A.11)
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Thus the matrix M and P cab be applied progressively as the electromagnetic wave propagates through the stratified medium to get the final electric field after the startified medium
as





Er (z)
Er (z + L)

 = M1 P1 M2 P2 . . . Mn Pn 

El (z)
El (z + L)

(A.12)




 
Er (z) S11 S12  Er (z)



 =
El (z)
S21 S22
El (z)

(A.13)

The reflection coefficient is then given by

r=

|El (z + L)|2
|S21 |2
=
Er (z + L)|2
|S11 |2

(A.14)

and transmission coefficient is given by

r=

nn+1 |Er (z + L)|2
1
=
2
n0
Er (z)|
|S11 |2

(A.15)
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Appendix B

Fourier imaging
Fourier microscopy is a powerful tool that is becoming prevalent in modern spectroscopy
and microscopy. Conventional real space or confocal microscopy gives inconclusive information regarding the dipole radiation pattern and the dispersion of passive photonics
structures. This is circumvented by imaging the Fraunhofer diffraction pattern formed at
the back focal plane of an imaging objective. With the current infinity corrected objectives spanning large angles one can probe diffraction order only limited by the NA of the
objective. However it is of interest to exploit this feature even further through confocal
excitation or collection in the Fraunhofer plane to selectively excite or probe different regions of the Fraunhofer plane. Fourier microscopy is based on the technique of imaging
the Fraunhofer diffraction plane of the lens used.Typical illumination techniques which
images the image plane either in brightfield or darkfield geometry.
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F IGURE B.1: ray diagram showing different planes and the set-up used for
the spectroscopy measurements
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Appendix C

Nanofabrication
C.1

PECVD

DBR consisting of alternating silicon oxide (SiO2) and silicon nitride (SiNx) layers is grown
by plasma enhanced chemical vapor deposition (PECVD) from Oxford instrument. The
growth temperature is fixed at 3500 C. The growth of SiO2 uses the gas combination of
silane ( 10SiH4 /90Ar) and nitrous oxide (N2 O) with each of the flow rate to be 50 standard
cubic centimeters per minute (sccm) and 710 sccm, respectively. The chamber pressure is
set at 1000 mTorr. And the plasma power is 20W. The growth rate for SiO2 with a 1.48
refractive index on silicon wafer is 8.6 Angstrom per second. The growth of SiNx uses the
gas combination of silane,ammonia (NH3) and nitrogen (N2), with each of the flow rate to
be 200 sccm, 24 sccm and 600 sccm, respectively. The chamber pressure is set at 650 mTorr.
And the plasma power is 20W. The growth rate is 7.5 Angstrom per second. For a smooth
and controlled deposition the chamber is put through a cycle of pump, N−2 purge and
pump process after every layer. This can be skipped if the number of layers deposited is
less than 6.

C.2

eBeam evaporation

We use electron beam evapoartor (AJA Orion 8E Evaporator System) to deposit metal films
like silver, gold, aluminium, germanium chromium and titanium. Deposition pressures
are kept below 5x10−7 mTorr. Deposition rates depend on the application and type of
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metal. For smooth films deposition rates of silver and gold are kept around 0.5 Angstroms
per second.

C.3

Atomic layer deposition

Atomic layer deposition (ALD) is used to deposit ultra smooth films of dielectric films.
We use a Ultratech Fiji G2 system, which is a load-locked ALD system capable of both
thermal and plasma-enhanced depositions of various dielectric and metallic films. The use
of remote plasma activation is essential for the deposition of high quality nitrides. Also,
plasma activation of oxide precursors generally enhance film nucleation on non-standard
substrates. We use the ALD system to deposit Al2 O3 films for gate dielectrics. To facilitate
good adhesion we deposit 1 nm of aluminium to form a seed layer for the Al2 O3 .

C.4

Plasma Asher

The PVA Tepla IoN 40 is a plasma processing system configured for etch, strip, clean and
surface treatment of wafers. It is a programmable automatic instrument with a built in
computer and a touch screen graphic display that enables on screen access to recipes, process follow-up and on screen editing and activation. High purity O2 and Ar are available
as process gases and are supplied to the rectangular three-shelf aluminum chamber via
MFC controllers. The chamber is served by a Dry Vacuum Pump Edwards XDS 35i Dry
Pump. Plasma is generated by an integral auto-matched, air-cooled, 600 watts, 13.56 MHz
RF generator. We use it to clean out substrates from organic residues/ resist.
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Appendix D

TMDC transfer
D.1

PDMS transfer

2D material can be directly exfoliated onto polydimethylsiloxane (PDMS)34 with Nitto
tape (SPV224PRM). Since the PDMS surface is hydrophobic, the interaction (attraction)
between PDMS and 2D material is weaker than that between other substrates and 2D material, for example, glass, silicon or metal. So, it’s possible to transfer 2D material from
PDMS surface to other substrates without using any other chemicals. Figure 4.8 shows
the schematic of the PDMS transfer steps. Step 1 is the exfoliated 2D material (yellow) on
PDMS surface (light green) with a clean destination substrate (orange). We usually use the
AMI process to clean the substrate.
• Ultra-Sonicate the substrate in acetone for 1 min.
• Rinse it with methanol and then sonicate in methanol for 1 min.
• Rinse the substrate with iso-propanol and blow dry with dry nitrogen.

F IGURE D.1: PDMS transfer
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• In instances of large amount of residue left on the substrate we follow the AMI step
with 3 mins of plasma cleaning in a Plasma Asher (PVA Tepla IoN 40) with 200 sccm
of oxygen flow and 100W-200W plasma
In step 2, PDMS is then slowly brought in contact with the substrate. After waiting for
10 mins, the PDMS is slowly lifted in step 3, leaving 2D material on the substrate. The big
advantage of this method is the fast preparation of samples (10 mins) with deterministic
transferring location. Also, the sample size exfoliated onto PDMS surface can be as large
as 200 m , making it useful in propagation and diffusion experiments. However, the disadvantage of the method is also obvious. Because of the direct contact with 2D material, the
organic PDMS leaves a lot of residues on top of 2D material’s surface, reducing the interest
of using it in some of our experiments.

D.2

PPC transfer

Polypropylene carbonate (PPC) method is widely used to stack and transfer 2D heterostructures. 2D materials are first exfoliated onto 300 nm SiO2/Si substrate with scotch tape. The
PPC method is showing schematically in Fig D2. A PPC film was used to pick up a hBN
layer which usually has the size about 30 m and thickness of 30 nm. Because of the strong
Van der Waals interaction between thin 2D layers, the first hBN layer can be used as a
‘tape’ to pick up other 2D materials as shown in step 2-6. Finally, the PPC stack is heated
at 120 °C for 30 mins oto release the 2D stack onto substrate. The PPC residue is removed
by soaking the sample in chloroform for 2 hours and anneal the structure under a temperature of 300 °C for 4 hours in nitrogen gas environment. As we can see from step 1-6,
during the whole stacking and transferring process, the 2D material does not contact with
the organic PPC, making it much cleaner than the PDMS method. Such method is widely
used to stack multi-layer heterostructures with the combination of hBN, TMDs, graphene,
CrI3 , etc.
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F IGURE D.2: PPC transfer
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